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Microbiome versus Malaria 

PAGE 1277 

Yilmaz et al. find that the bacteria, found within the gut microbiome, carrying a 
specific glycan residue elicit antibodies in humans to an epitope also found on 
Plasmodium parasites. Presence of the antibodies correlates with protection 
from malaria infection in a human cohort and provides sterile protection 
following vaccination in a mouse model of infection. 



Sugar Opens the Door for Typhoid 

PAGE 1290 

Salmonella Typhi causes typhoid fever exclusively in humans and depends on 
binding of the typhoid toxin to a specific glycan receptor on target cells. Deng 
et al. discover that the toxin preferentially binds glycans terminated in N-acetyl- 
neuraminic acid (Neu5Ac) and that humans lack the enzyme, which in other 
mammals converts Neu5Ac to N-glycolyIneuraminic acid. 



The Home Makes the Macrophage 

PAGE 1312 and PAGE 1327 

Macrophages are cells of the innate immune system that also contribute to the homeostasis of distinct tissues in the 
organism. Lavin et al. and Gosselin et al. now show that the tissue environment can alter the chromatin landscape of resident 
macrophages to equip them with functions that are specific and adequate to each tissue. Surprisingly, tissue-resident termi- 
nally-differentiated cells can be reprogrammed by transplantation into a new tissue, demonstrating a high degree of plasticity 
and highlighting the role of the environment in shaping macrophage function. 



Plant Immunity Shapes Genome Evolution 

PAGE 1341 

Genetic incompatibilities prevent specific alleles from assembling into single genotypes, influencing genome and species- 
wide patterns of sequence variation. Chae et al. now show that incompatibility hotspots in Arab/c/ops/s are enriched in immune 
receptor genes. When these genes interact with each other in hybrids, conflict within the immune system often arises, limiting 
the number of viable combinations of disease resistance alleles, thereby shaping the evolution of the plant genome. 



mRNA Destr-U-ct Code 

PAGE 1365 

Urn and colleagues discover that terminal uridylation serves as a general molecular mark of mRNA decay. Two enzymes, 
TUT4 and TUT7, facilitate uridylation in mammalian cells by selectively recognizing mRNAs with shortened poly(A) tails 
and inducing decay of the deadenylated mRNA body. 



Chaperone Cen-TRiC View for Telomeres 

PAGE 1389 

Telomerase function depends on a complex pathway for assembly, localization, 
and association with telomeres. Freund et al. identify the chaperonin CCT/TRiC 
as being required for telomerase trafficking and telomere elongation. Mutations 
in a telomerase cofactor that impair folding by TRiC cause dyskeratosis conge- 
nita, thus establishing a critical role for proteostatic control of telomere function. 



Penicillin, We Thought We Knew Ya’ 

PAGE 1300 

Penicillin is thought to inhibit bacterial cell wall synthesis, but Cho et al. now 
demonstrate that beta lactam antibiotics induce a toxic, futile cycle of peptido- 
glycan (PG) synthesis and degradation that depletes cellular stores of the PG 
building blocks. Additionally, characterization of the futile cycle revealed a 
quality control mechanism in cell wall biosynthesis. 
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No Sugar for Daddy 

PAGE 1352 

6st and colleagues find that a brief high-sugar dietary intervention in Drosophila 
fathers controls offspring adiposity by reprograming select chromatin regions 
in the offspring. Paternal sugar intake relieves silencing of select chromatin 
regions and leads to reprogramming of metabolic genes during two distinct 
germine and zygotic windows. Importantly, this altered gene signature is 
conserved in mice and humans and may explain mechanisms underlying inter- 
generational metabolic control. 



Leptin Boosts Blood Pressure 

PAGE 1404 

Leptin, an adipose-derived hormone, is elevated in obesity. Simonds et al. find 
a role for leptin in the brain, modulating blood pressure by activating neurons in 
the dorsomedial nucleus of the hypothalamus. Blocking leptin action leads to 
reduced blood pressure in obese mice, and clinical studies support this role for leptin in mediating the increased risk of 
high blood pressure associated with obesity. 




The Pain Locker 

PAGE 1417 

Providing insight into the basis for sensing pain and developing new treatments, Duan et al. identify the spinal cord neurons 
that transmit and gate pain. They demonstrate that nociceptors and mechanoreceptors provide input to a population of 
somatostatin-positive excitatory neurons that are in turn gated by dynorphin-inhibitory neurons. 

One Growth Spurt Fits Aii 

PAGE 1433 

Bacterial size homeostasis is thought to be achieved through a threshold mechanism that promotes division when cells reach a 
critical size. Campos et al. now show that bacteria instead elongate by a fixed amount between divisions, irrespective of their 
size at birth. This set elongation leads to robust cell size homeostasis and provides new governing rules for cell-cycle control. 



From Actinin to Z in Muscle 

PAGE 1447 

Sarcomeres are the basic contractile units of striated muscles, and the Z disk region within them plays a key role in maintaining 
cellular architecture and signalling. Ribeiro et al. present a three dimensional structure of a-Actinin, the major component of the 
Z disk, that explains how a phosphoinositide-based regulation mechanism allows it bind to titin and control Z disk assembly. 

Shedding Light on CNVs in Cancer 

PAGE 1461 

Discerning which copy-number variants drive cancer has been a challenging 
problem. By developing and validating a new computational algorithm called 
HELIOS, which integrates genomic data from primary tumors with outcomes 
of functional RNAi screens, Sanchez-Garcia et al. double the known landscape 
of breast cancer drivers. 

Not Just Octamers on a String 

PAGE 1377 

Genes are packaged into nucleosomes that are generally characterized as 
octamers containing different histone subtypes and variants. Rhee et al. 
perform a ChIP-exo analysis of histone-DNA contacts near promoters and 
find unexpected nucleosome modularity, including evidence for existence of 
subnucleosomal particles such as tetramers as well as asymmetric patterns 
of histone modifications within a single nucleosome that correlate with the 
direction of transcription. 
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Biological Code Breaking 



The new movie The Imitation Game (to be released after this 
article goes to press), which recounts the Nazi code-breaking 
triumph of Alan Turing, appears unlikely to devote much 
screen time to the mathematician’s foundational contribu- 
tions to biology. For cinematic reasons this is perhaps under- 
standable, yet the occasion nevertheless provides a fitting 
opportunity to reflect on his seminal work “The Chemical 
Basis of Morphogenesis.” In it, he proposed in mathematical 
terms how an initially homogeneous collection of cells 
might generate self-organizing morphological patterns. He 
made many theoretical predictions that were only much later 
confirmed, and his underlying conceptual framework- 
exploring the principles of biological self-organization — 
remains as timely as ever. 






Digit patterning during mouse limb development. Image courtesy of 
J. Sharpe. 

Unknown in Turing’s day, there are now numerous beauti- 
fully worked-out examples of the phenomena he proposed — 
systems involving diffusible activators and inhibitors that 
interact to generate self-organized patterns. The most recent 
of these, elegantly uncovered by Raspopovic et al. (2014), 
describes a Turing network involved the formation of digits 
from developing limb buds. The authors make the observa- 
tion that Sox9, a skeletal marker essential for digit formation, 
has a periodic pattern of expression in the limb bud at a very 
early stage, and based on the expectation that diffusible reg- 
ulators in Turing-like processes would be either in phase or 
out of phase with Sox 9 expression, the authors identify path- 
ways differentially activated in Sox9^ and Sox9~ce\\s. This 
analysis implicates the morphogens BMP and WNT, whose 
involvement with Sox9 is then explored by a combination 
of simulation and experimental manipulation. A compelling 
prediction from the modeling, which is borne out in pharma- 
cological experiments in mouse limb bud cultures, is that 
combined inhibition of BMP and WNT, rather than simply 
inhibiting or boosting gene expression, is able to actively 



reorganize the spatial pattern of digits, such that larger digits 
are formed within the same space, thus resulting in the 
formation of just four, three, or two digits instead of the usual 
five. 

Reaction-diffusion systems are also found on a subcellular 
scale. The interaction between MinD and MinE proteins in 
E. coii, for instance, make the two proteins oscillate between 
cell poles, establishing time-averaged gradients that direct 
the site of cell division. Zieske and Schwille (2014) have 
recently succeeded in reconstituting these oscillations in a 
cell-free system (microengineered soft-polymer compart- 
ments) and show that these gradients facilitate the localiza- 
tion of FtsZ, a downstream mediator of cell division, to the 
center of these simulated cells. These chambers can be 
readily made in different shapes and sizes, thus permitting 
the systematic exploration of the role of cell geometry in 
forming intracellular protein gradients. 

Perhaps nowhere has the theme of biological self-organi- 
zation been more prominently on display as of late than in 
the organoid field. We are learning from these remarkable 
in vitro systems that individual cells harbor an extraordinary 
amount of intrinsic know-how for making complex tissues, 
a latent ability that is waiting to be unleashed. For example, 
the key to making gastric organoids, as newly reported by 
McCracken et al. (2014), is walking human pluripotent stem 
cells through the normal stages of gastric development (in- 
duction of definitive endoderm to primitive foregut to antral 
specification) with carefully-timed combinations of growth 
factors. With only this handful of external interventions, the 
cultured cells do the rest, recapitulating many of the complex 
features and cell types found in vivo, including the generation 
of cells expressing markers of stem and endocrine cells. 
When the ulcer-causing microbe H. pylori is introduced into 
the organoid cultures, an increase in epithelial cell prolifera- 
tion is observed within 24 hr, illustrating the power of this 
(and other organoid models) for studying the initiating events 
in human disease. 




Correlative light electron microscopy image of secreted green 
fluorescent protein concentrated in microlumen. Image courtesy 
of D. Gilmour. 
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Although organoids will continue to aid in understand- 
ing the conversations cells have with one another that 
confer self-organizing properties on these systems, equally 
enlightening insights will come from in vivo exploration, as 
evidenced by a recent study of the zebrafish lateral line pri- 
mordium. Durdu et al. (2014) find that among the migrating 
cells of the primordium, the morphogen FGF selectively 
accumulates in microluminal structures and that signaling 
from this central lumen coordinates cell-cell communication 
to control the deposition and formation of mechanosen- 
sory organs. Given that many structures in vitro, such as 
organoids, and in vivo form lumina, this mode of signal 
concentration and cellular coordination could prove a wide- 
spread mode of tissue self-organization. 
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The 2014 Nobel Prize in Physiology or Medicine, awarded to John O’Keefe, May-Britt Moser, and 
Edvard I. Moser, recognizes the first deep-brain insights into a cognitive function. Their insights 
established a new view for how the brain represents spatial location. 



This year the Nobel Prize Committee hon- 
ored the discoveries, by John O’Keefe 
and by Edvard and May-Britt Moser, 
respectively, of the neural encoding of 
spatial location through place cells and 
grid cells. These groundbreaking contri- 
butions to cognitive neuroscience pro- 
vided our first understanding of the role 
of the hippocampus and the entorhinal 
cortex in the brain’s representation of 
space, which is likely to be critical for an 
animal’s ability to form associative mem- 
ories between a particular location in its 
environment and a particular sensory 
context. Their studies have also given us 
our first insights into a cognitive represen- 
tation in higher brain regions that is 
concerned not simply with primary sen- 
sory or motor representation, but with 
a complex and abstract combination of 
modalities. 

The Origins of the Probiem, What 
Does the Hippocampus Do? 

Classic studies by Brenda Milner and 
William Scoville in 1957 established the 
importance of the hippocampus for en- 
coding declarative memory, the recall of 
information about people, places, ob- 
jects, and events. Despite this advance, 
no one knew anything about the sensory 
signals that activated hippocampal neu- 
rons; in particular, no one thought the 
hippocampus might be important in the 
representation of space. As a result, it 
came as a great surprise when, in 1971, 
John O’Keefe and his student Jonathan 
Dostrovsky discovered that the pyrami- 
dal cells of the hippocampus encode 
not a single sensory modality— not 
touch, vision, taste, or smell — but some- 
thing abstract, a representation, or 



cognitive map, of space (O’Keefe and 
Dostrovsky, 1971, O’Keefe and Nadel, 
1978). 

O’Keefe and Dostrovsky discovered 
that various hippocampal neurons in the 
CA1 region of a rat’s brain fired briefly 
when the animal assumed different posi- 
tions in space. O’Keefe called these neu- 
rons “place cells” and the location that 
triggers the firing of each cell its “place 
field.” By recording from many place cells 
at the same time, he further noticed that 
the firing of a given cell or set of cells 
forms a map indicating where in space 
the animal is located (O’Keefe, 1976; 
O’Keefe and Oonway, 1978). When 
O’Keefe moved the rat to another space, 
the animal would form a new map using 
some of the same place cells as well as 




John O’Keefe. Image courtesy of UCL. 



some other place cells. When he brought 
the rat back to the original space, the 
initial cells would fire again, reforming 
the initial map. O’Keefe went on to 
demonstrate that the orientation of this 
map relative to an environment can be 
changed from trial to trial, and that this 
orientation is “remembered” even without 
spatial cues (O’Keefe and Speakman, 
1987). 

O’Keefe’s second major insight was 
that the organization of the spatial map 
in the hippocampus is radically different 
from that of the sensory maps for touch 
and vision in the cortex. The maps for 
touch and vision are typically organized 
topographically, as Wade Marshall, Ver- 
non Mountcastle, David Hubei, and 
Torsten Wiesel had discovered earlier; 
that is, neighboring cells in the cortex 
convey information about neighboring 
areas of the sensory periphery. The 
brain’s spatial map is not organized topo- 
graphically; thus, neighboring cells in the 
hippocampus do not convey information 
about neighboring positions in space. In 
fact, the spatial map is random with 
no topographic relation between neigh- 
boring cells and the part of external space 
they represent (O’Keefe and Nadel, 1 978). 
This discovery, too, was totally unex- 
pected and represents an entirely new 
view of how information is organized in 
the mammalian brain. It is generally 
considered the most important new 
finding in the sensory physiology of the 
mammalian brain since the Hubel-Wiesel 
finding of linear receptive fields in the pri- 
mary visual cortex. 

O’Keefe’s third major contribution was 
theta phase precession— the finding that 
neurons in the hippocampus encode 
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May-Britt Moser. Image courtesy of Geir 
Mogen/NTNU. 



location in space through both a rate code 
(firing frequency) and a temporal code 
(when the neurons fire). The hippocampus 
generates a coordinated pattern of activ- 
ity as an animal explores its environment. 
This activity is produced by a network of 
neurons and gives rise to an extracellular 
electrical signal measured in an EEG 
called the theta rhythm, or oscillation, 
which ranges in frequency from 4 to 
12 Hz. In 1993, O’Keefe and Michael 
Reece found that as an animal moves 
through a given neuron’s place field, the 
timing of spike firing shifts progressively 
to earlier phases of the theta oscillation 
(O’Keefe and Recce, 1993). Because the 
place fields of different cells overlap, 
each place cell will fire at a different phase 
of the theta oscillation, enabling the brain 
to determine the animal’s position with 
good precision (Huxter et al., 2003). This 
phenomenon of phase precession pro- 
vides one of the few well-characterized 
examples in which the brain uses “tempo- 
ral coding” that is not directly associated 
with the temporal properties of the 
stimulus. 

Enter May-Britt and Edvard Moser 

When May-Britt and Edvard Moser 
entered the field, they focused on 
analyzing how the neural circuitry of the 
hippocampus relates to spatial behavior. 
The hippocampus receives two types of 



connections from the entorhinal cortex. 
One is via the direct pathway that carries 
information from the entorhinal cortex to 
area CA1 of the hippocampus. The other 
is via the indirect pathway from the ento- 
rhinal cortex via the dentate gyrus and 
the CA3 region of the hippocampus. 
They discovered that the brain’s repre- 
sentation of space develops indepen- 
dently in areas CA3 and CA1 of the hippo- 
campus. They then went on to show that 
the direct pathway from the entorhinal 
cortex to area CA1 is sufficient to maintain 
a spatial map: for the recognition of 
space; the indirect pathway is not 
required (Brun et al., 2002). 

Having demonstrated that the spatial 
map is not intrinsic to the hippocampus 
and that the direct pathway is important, 
the Mosers then asked: how is the 
spatial map formed from this direct 
input? Is there a code for space in the 
entorhinal cortex, the major route of 
excitatory input to the hippocampus? In 
2004 the Mosers discovered that, 
indeed, certain neurons in the medial 
part of the entorhinal cortex do encode 
an animal’s location in space (Fyhn 
et al., 2004). However, unlike the place 
cells in the hippocampus, each of which 
encodes a unique place field, neurons in 
the entorhinal cortex represent space in 
a grid-like firing pattern (Hafting et al., 
2005). Each cell fires not in a single loca- 
tion in space, but in multiple, evenly 
spaced locations. These locations form 
a periodic triangular, grid-like array, with 
clear regions of silence between the 
vertices of the triangles. 

As the Mosers expanded the size of the 
environment the rat explored, they found 
that the grid-like firing field of each indi- 
vidual entorhinal neuron repeats itself 
across the entire space. Each cell im- 
poses its pattern of firing on every envi- 
ronment the animal encounters. Thus, 
while place cells in the CA1 region provide 
a local description of space, grid cells 
provide a global description (Hafting 
et al., 2005; Fyhn et al., 2007). The finding 
of grid cells helped pinpoint the entorhinal 
cortex as a key hub in the brain network 
that enables us to find and remember 
our way. 

The Mosers next searched for addi- 
tional types of cells in the entorhinal cor- 
tex that might code for space. They found 
two: head direction cells (first described 




Edvard I. Moser. Image courtesy of Geir 
Mogen/NTNU. 



by Jim Ranck in the subiculum) that 
respond to the direction of the animal’s 
head with respect to the environment 
and border cells that respond to the 
presence of a border or edge in the envi- 
ronment (Sargolini et al., 2006; Solstad 
et al., 2008). These two cell types 
generate a continuously updated repre- 
sentation of the position of the animal in 
space that can be used in any environ- 
ment, irrespective of shape and land- 
marks. 

These findings raised the question: Are 
the inputs from the grid cells in the ento- 
rhinal cortex the only ones that contribute 
to the formation of hippocampal place 
cells? The Mosers next went on to provide 
evidence that place cells are most likely 
generated by the convergence of signals 
from all three entorhinal cell types. The 
first evidence for this convergence 
emerged when the Mosers and John 
O’Keefe independently examined the 
causal connection between grid cells 
and place cells during development. 
They argued that if place cells are gener- 
ated exclusively from grid cells, then grid 
cells should be active before, or at least 
simultaneously with, the emergence of 
place cell activity. However, recordings 
from rat pups revealed that this is not 
the case (Langston et al., 2010). At 
2 weeks of age, when rats first leave the 
nest, a large proportion of hippocampal 
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cells already have place fields and there- 
fore function as place cells, whereas grid 
cells exhibit only weak periodic fields. 
This suggests either that the weak spatial 
periodicity of the grid cells is sufficient to 
generate well-defined place fields in the 
hippocampus, or, more likely, that place 
cells are formed from the combined activ- 
ity of grid cells and the two other types of 
entorhinal cells, particularly border cells, 
which exhibit some properties of adult 
cells at 2 weeks. 

These results suggested that individual 
place cells receive important inputs from 
both grid cells and border cells, with grid 
cells providing information about dis- 
tance based on the animal’s motion 
and border cells providing the animal’s 
position in relation to geometric bound- 
aries. The strongest input seems to be 
from grid cells, which are several times 
more abundant than border cells, but 
under most circumstances the two clas- 
ses of input are coherent and redundant: 
if one is absent, the other is sufficient to 
generate localized firing of place cells in 
the hippocampus. 

Finally, since the hippocampus is 
known to send a reciprocal output 
to the entorhinal cortex, the Mosers 
examined how inactivation of the hippo- 
campus influences entorhinal activity 
(Bonnevie et al., 2013). They found that 
silencing the hippocampus leads to a 
loss of grid cell periodicity and trans- 
forms grid cells into head direction cells. 
Thus, the encoding of space is not 
generated by a hierarchical, linear array 
of synaptic connections from the entorhi- 
nal cortex to the hippocampus, but 
rather depends on a recurrent loop of 
interconnections from the entorhinal cor- 
tex to the hippocampus and back to the 
entorhinal cortex. 

The discoveries of grid cells by the 
Mosers and place cells by O’Keefe 
provide us with a new view of how 
the brain represents position in space. 
This spatial map, as I have emphasized, 
is a true cognitive function. There is 
no single modality, no single sensory 
organ, that determines location. Space 
is computed through a number of 
different sensory modalities— vestibular 
input, touch, vision, and smell— and it 
represents the coordinated totality of 
that input. In this context, grid cells are 
particularly interesting because they are 



constructed globally from these sensory 
inputs. 

The Work of O’Keefe and the 
Mosers Is Characterized by a 
Remarkable Intellectual Continuity 

John O’Keefe received his Ph.D. from 
McGill University in 1967, when cognitive 
neuroscience was just emerging. The 
chairman of the psychology department 
at that time was Donald Hebb, who 
had studied with Karl Lashley and was 
exploring the problems of spatial orienta- 
tion and spatial learning. Hebb went on to 
write “The Organization of Behavior: A 
Neuropsychological Theory,” a classic 
text in which he argued that all behavior 
must be studied through the brain. 
Hebb, in turn, influenced the psychologist 
Brenda Milner, who, with the neurosur- 
geon Wilder Penfield, examined the hip- 
pocampus and its role in memory storage. 
As a postdoctoral fellow, O’Keefe worked 
with Patrick Wall at University College 
London. There, together with Dostrovsky, 
O’Keefe discovered place cells by 
analyzing the various factors that influ- 
ence the firing properties of hippocampal 
neurons. 

Together with Lynn Nadel, O’Keefe 
appreciated the historical importance of 
Edward Tolman’s ideas. One of the 
earliest cognitive psychologists, Tolman 
argued in 1948 that rats running in a 
maze acquire “something like a field 
map of the environment” (Tolman 1948). 
Moreover, Tolman held that stimuli influ- 
ence behavior not through stimulus- 
response connections, as Skinner and 
the behaviorists argued, but through the 
mediation of a cognitive map. Tolman 
thought of cognitive maps as broad, 
comprehensive maps or narrow strip 
maps confined to knowledge of specific 
groups. 

O’Keefe’s finding of a map was inter- 
esting enough in its own right, but of 
even greater interest was the fact that it 
is organized through a random popula- 
tion of cells. The idea of random organi- 
zation of neural populations is now 
emerging as a broad theme in studies 
of higher regions of the cortex, for 
example the piriform cortex and the 
sense of smell (Stettler and Axel, 2009). 

May-Britt and Edvard Moser were stu- 
dents of Per Andersen, an early pioneer 
in hippocampal electrophysiology, at 



the University of Oslo. There, the Mosers 
met and married, and began their 
long-lasting successful personal and 
scientific collaboration. Indeed, with this 
award the Mosers became one of a 
select group of married couples, 
including Marie and Pierre Curie, to 
receive the Nobel Prize. With Per 
Andersen, the Mosers studied mecha- 
nisms of memory formation in the hippo- 
campus in freely moving animals. In 
1 995-1 996, they worked as postdoctoral 
fellows with Richard Morris, investigating 
the role of long-term potentiation in hip- 
pocampal memory. Then in 1996, they 
spent a brief but productive three month 
period with John O’Keefe, learning 
tetrode recording in the hippocampus. 
This experience started them on a quest 
that resulted in the remarkable discovery 
of grid cells, which linked the early clas- 
sical work on the hippocampus to later 
studies of the hippocampus’s input re- 
gion in the entorhinal cortex. Thus, the 
Mosers are distinctive not only because 
of their discovery of entorhinal grid cells, 
border cells, and head direction cells— 
and the role these cells play in the forma- 
tion of place cells— but also because of 
their important contribution to the physi- 
ology of the hippocampus (Leutgeb 
et al., 2007). 

Such intellectual continuity represents 
science at its best, and this level of 
excellence is made even better by the 
fact that these three remarkable scien- 
tists are also extraordinarily fine human 
beings. 

O’Keefe is currently Director of the 
Sainsbury Wellcome Center for Neural 
Circuits and Behavior at University Col- 
lege London. May-Britt Moser is Director 
of the Center for Neural Computation in 
Trondheim. Edvard I. Moser is Director 
of the Kavli Institute for Systems Neuro- 
science in Trondheim. 
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The 2014 Nobel Prize in Chemistry has been awarded jointly to William E. Moerner, Stefan W. Hell, 
and Eric Betzig “for the development of super-resolved fluorescence microscopy.” I discuss the 
contributions made by this year’s awardees and how advances in understanding the behavior of 
fluorophores and research in light microscopy converged to allow the improved visualization of 



biological structures. 

The recognition of the work that was 
granted in this year’s Nobel Prize in 
Chemistry highlights an important conver- 
gence of fields. William Moerner’s key 
studies on the characteristics of fluoro- 
phores and advances in the field of light 
microscopy by Stefan Hell and Eric Betzig 
have provided approaches that allow 
us to get a better picture of subcellular 
structures. 

William Moerner has the distinction of 
being the first person to conceive of and 
perform experiments with single fluoro- 
phores (Moerner and Kador, 1989). 
Although Tomas E. Hirschfeld was able 
to systematically observe small assem- 
blies of molecules about 13 years earlier, 
he was unable to visualize fewer than 
~100 molecules (Hirschfeld, 1976). 
Moerner’s seminal 1997 paper showed 
that individual fluorophore molecules 
switch on and off, thereby sparking new 
ideas on how the photoactivation proper- 
ties of fluorophores can be used to 
localize single molecules in a solid or 
even a fluid phase (Dickson et al., 1997). 
As such, Moerner’s studies lay the 
groundwork for the numerous localization 
microscopy approaches developed by 
Stefan Hell, Eric Betzig, and others. 

Stefan Hell worked in my laboratory at 
EMBL as a postdoc during the early 
1990s on 4Pi microscopy, an axial inter- 
ference-based laser scanning confocal 
microscopy approach (Hell and Stelzer, 
1992, Hell et al., 1994). By late 1993, Hell 
joined forces with a former collaborator 
of mine in Turku, Finland. While Steffen 
Lindek and I worked on confocal theta 
and 4Pi-theta fluorescence microscopy 



(Stelzer and Lindek, 1994), which we later 
developed into light sheet-based fluores- 
cence microscopy (Huisken et al., 2004), 
Hell and Jan Wichmann published their 
theoretical paper on stimulated emission 
depletion (STED) microscopy in 1994 
(Hell and Wichmann, 1994). Although 
Hell explicitly received the Nobel Prize 
in Chemistry for STED, it should be 
noted that he systematically explored 
various schemes that deplete states in 
a fluorophore in his work on reversible 
saturable optical fluorescence transitions 
(RESOLFT). 

Eric Betzig did much of his early work in 
scanning near-field optical microscopy 
(SNOM) and its applications to studies of 




William E. Moerner. Image courtesy of 
L.A. Cicero/Stanford News. 



single fluorophores, addressing funda- 
mental questions concerning the 
response of fluorophores to polarized 
light and the properties of the surfaces 
on which they were spread out. SNOM 
was regarded as one of the first tech- 
niques that could operate beyond the 
diffraction limit established in far-field 
light microscopy. He left Bell Labs and 
the scientific community in the late 
1990s to work in his father’s company 
and returned in 2005 with a paper on op- 
tical lattice microscopy (Betzig, 2005). In 
2006, Betzig and Harald Hess published 
a paper in Science describing how photo- 
activatable fluorophores could be used to 
measure the location of single molecules 
in a plane, with a precision in the tens of 
nanometers (Betzig et al., 2006). Using 
this photoactivated localization micro- 
scopy (PALM) approach, Betzig and 
Hess were able to generate superre- 
solved images. 

Now, a question that may have arisen 
in many people’s minds is why a Nobel 
Prize for superresolution microscopy has 
been awarded in chemistry and not in 
physics? The answer is quite simple: 
none of the nanoscopic instruments rely 
on novel physical principles, nor have 
they produced new physics-related in- 
sights. Rather, they rely on the properties 
of fluorophores. Let us now have a look 
at the physical limits of resolution, and 
then come back to the properties of 
fluorophores. 

Resolution is limited by the physical 
properties of light, whose diffraction 
through a grating was well-known but 
was rephrased by Ernst Abbe in the 
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Stefan W. Hell. Image courtesy of Deutscher 
Zukunftspreis - A. Pudenz. 

context of microscopy (Abbe, 1873). 
Although light interference patterns are 
complex and are characterized by multi- 
ple orders, Abbe suggested that to get 
an accurate image of a specimen, it was 
sufficient to consider only undiffracted 
and first-order diffracted light. This means 
that the diffraction limit equation can be 
collapsed down into a relatively simple 
relationship as follows: 

mX = 2dns\r\a A m = A 



2n sin a 

where d relates to the spacing of the 
grating and is commonly regarded as 
the lower limit to the lateral resolution of 
an optical instrument, n is the refractive 
index of the material the light is passing 
through, and a is the angle into which 
the light beam is diffracted. However, 
the relationship is only correct for a uni- 
form illumination and a very thin, border- 
less grating. It is not valid for a grid and 
is, in a sense, a relationship for a two- 
dimensional world. Even phrased for a 
grid and for our three-dimensional world, 
the equation will always refer to the limits 
of an image-forming device and not 
necessarily to the limits of a sampling de- 
vice. Thus, Abbe’s resolution is not about 
localization or precision, and of course 
Abbe did not consider scanning devices. 
It should be noted that although a popular 



view among many scientists is that 
Abbe’s formula limits the lateral resolution 
to A/2, a lateral resolution of A/5 is achiev- 
able in an optical transmission micro- 
scope with an annular condenser (Vainrub 
et al., 2006). Indeed, the lateral resolution 
of a far-field microscope can easily be 
pushed to beyond A/4 within the current 
theoretical framework. 

So how does this relate to superresolu- 
tion microscopy? Basically, all of these 
light optical methods rely on localized 
fluorescence, namely the specific obser- 
vation of a subset of the potential targets 
in a specimen. They either excite the fluo- 
rophores deterministically, as in STED mi- 
croscopy, or statistically, as in PALM and 
STORM. Notably, neither method actually 
forms an image that can be observed 
directly through an ocular. Rather, they 
are sampling devices that collect and 
interpret the signal and then calculate 
the image. This is the key to how superre- 
solution microscopy manages to surpass 
the resolution limits that apply to ordinary 
imaging devices: the boost in resolution 
comes from sampling methods. Indeed, 
Betzig and Hess were fully aware of the 
fact that they had not developed an image 
forming device, but a statistical sampling 
instrument that localizes the source of 
the fluorescence emission by analyzing 
multiple images: hence the “L” in 

“PALM.” For the same reasons, Xiaowei 
Zhuang refers to “reconstruction micro- 
scopy” in her development of STORM 
(Rust et al., 2006) and Sam Hess to “local- 
ization” in his development of FPALM 
(Hess et al., 2006). 

How exactly do these approaches 
work? The basic idea of STED is to 
confine the excitation of the fluorophores 
to a small area or volume using two laser 
beams. First, fluorophores are excited 
with a diffraction-limited light spot, similar 
to what is done using a confocal fluores- 
cence microscope. The second laser 
beam has a doughnut shaped intensity 
distribution with an essentially zero inten- 
sity in its center. While the fluorophores 
are in the excited state, the second laser 
beam depletes all fluorophores apart 
from those in its center. The diameter of 
the central area is determined by the in- 
tensity of the second doughnut shaped 
laser, with higher intensity resulting in 
smaller area. The two laser beams sample 
the specimen, and since the relative posi- 




Eric Betzig. Image courtesy of M. Staley. 

tions of the intensity measurements are 
known, the fluorescence response can 
be used to calculate an image. The preci- 
sion in the resultant image is defined by 
the precision with which a scanner moves 
the two laser beams across the specimen. 
An increase of the recording speed by 
parallelization while still maintaining the 
lateral resolution in infinitely thin speci- 
mens requires a minimal distance be- 
tween any two excitation beams, which 
is, unsurprisingly, essentially determined 
by Abbe’s diffraction limit. This require- 
ment applies essentially to any sam- 
pling-based microscopy. 

On the other hand, in PALM and 
STORM, an estimate is made of the loca- 
tion from which ideally a single fluoro- 
phore emits light. The basic idea of 
stochastic methods is to excite a fraction 
of the potentially excitable fluorophores, 
collect their emission with a camera, and 
then determine the central location of 
each fluorophore. After Eric Betzig started 
a collaboration with Harald Hess, he 
joined forces with Jennifer Lippincott- 
Schwartz and George Patterson, who 
had developed photoactivatable GFP 
(Patterson and Lippincott-Schwartz, 
2002) and performed the first experiments 
in their laboratory at NIH. This was the 
missing piece in his quest to develop the 
localization microscopy he had in mind 
for a number of years (Betzig, 1995). In 
PALM, a fraction of the GFP molecules 
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are photoactivated at low light intensity to 
excite them in a manner similar to regular 
wide-field fluorescence microscopy. The 
emitted light is then collected by a camera 
and analyzed to determine the central 
locations of all fluorophores, with the 
entire process repeated until all fluoro- 
phores have been bleached. The com- 
piled list of fluorophore locations is finally 
used to calculate an image. 

It should be noted that excitation of flu- 
orophores with very high intensities can 
also be used to generate higher har- 
monics, and hence frequencies that sup- 
port the visualization of objects outside 
the diffraction limit of a linearly illuminated 
specimen, as pointed out by Rainer 
Heintzmann (Heintzmann et al., 2002). 
The late Mats Gustafsson was the first 
to take advantage of this effect in a 
nonlinear structured illumination micro- 
scope (SIM) (Gustafsson, 2005). In SIM, 
at least two coherent illumination beams 
interfere in a fluorophore-labeled spec- 
imen and usually create a sinusoidal 
interference pattern, which can be 
imaged but not necessarily resolved 
with a camera (Gustafsson, 2000). Three 
or five phases are recorded to generate 
a single image, with a resolution 
improved by a factor of two, at best, in 
a linear SIM. In a nonlinear mode, SIM 
provides a lateral resolution of about 
50 nm, which is certainly in the same 
league as PALM, STORM, or STED mi- 
croscopy, and represented an early step 
in the right direction. 

There are a number of limitations in 
superresolution microscopy, some of 
which apply to fluorescence microscopy 
in general. For example, the number 
of fluorescence photons that can be 
collected from a fluorophore-labeled 
specimen is limited. However, improving 
the resolution by a factor of two reduces 
the volume from which the signal stems 
by a factor of eight, meaning only one 
eighth the number of fluorophores con- 
tributes to a particular pixel in the image. 
This means that the recording time has 
to be increased by a factor of 64 to retain 
the same signal-to-noise ratio, but it is by 
no means clear that this is possible with 
regular fluorophores. In addition, the exci- 
tation light is also absorbed by endoge- 
nous organic molecules, which are then 
degraded, leading to cellular defects that 
make live measurements difficult. More- 



over, as life on earth is adapted to the 
solar constant, which is usually less than 
1,000 W/m^ on the ground, irradiance 
should not exceed 100 mW/cm^ when 
biological specimens are followed in 
time and space. Another problem is that 
high wavelengths (around 700 nm) of 
light are used for excitation in superreso- 
lution microscopy. This may be unneces- 
sary in some cases; for instance, when 
imaging “dead and flat” specimens, 
smaller labeling dyes and 380 nm UV light 
might be used to yield better and much 
brighter images. 

While many groups have been working 
on the physical and technical aspects of 
STED microscopy, STORM, and PALM, 
a major challenge has been the applica- 
tion of these techniques to obtain new 
biological insights beyond what might 
be learned from electron microscopy, 
biochemistry, or other simpler forms of 
light microscopy (e.g., total internal reflec- 
tion fluorescence microscopy). The group 
of Stefan Hell has not only developed 
RESOLFT and mastered all the problems 
one usually encounters when a new 
method is established from scratch, but 
they have also made a heroic effort in 
applying STED in a number of different 
biological applications. These include 
examining processes within neuronal syn- 
apses, the distribution of lipids, and the 
observation of live events in intact mouse 
brains. This work clearly outlines the 
potential of their methods in the life 
sciences. In addition, localization micro- 
scopy delivers single-molecule infor- 
mation about molecular distributions. 
STORM and its variant dSTORM (Heile- 
mann et al., 2008), can even measure 
the absolute number of proteins present 
in a subcellular compartment (Ehmann 
et al., 2014), providing the insights into 
biological systems that are required for 
developing quantitative models of com- 
plex biological interactions. 

Looking forward, a number of groups 
have recently combined the superresolu- 
tion techniques with methods that are 
more suited for thick specimens, such 
as light-sheet-based fluorescence micro- 
scopy (Keller et al., 2008). Francesca 
Celia Zanacchi and Alberto Diaspro 
have also combined static LSFM with 
PALM (Celia Zanacchi et al., 2011) to 
observe multicellular spheroids. A partic- 
ularly interesting development by Eric 



Betzig (Chen et al., 2014) combines 
LSFM and the concept of coherent struc- 
tured illumination (SIM) to reduce the light 
sheet thickness by replacing the tradi- 
tional Gaussian beam with several inter- 
fering Bessel beams. This makes LSFM 
suitable for the observation of thin 
specimens. Two to three cell layers and 
the superficial volume segments of 
thicker specimens can be observed. The 
resolution is comparable to that of a 
confocal fluorescence microscope, while 
recording speed, number of frames and 
duration are heavily improved. Thus, 
PALM can be used in a dynamic fashion 
and is not restricted to flat specimens 
anymore. 

As we await more biological insights, 
one important point to keep in mind is 
how recently superresolution microscopy 
was developed. Perhaps a useful point of 
comparison would be the 1986 award of 
the Nobel Prize in Physics in part to 
Gerd Binnig and Heinrich Rohrer for 
scanning tunneling microscopy (Binnig 
et al., 1982) (STM). STM and atomic force 
microscope (AFM) were the first instru- 
ments that produced images of single 
molecules spread out on a flat surface. I 
can recall my own amazement upon 
actually seeing the structure of a benzene 
ring and the twist of double stranded 
DNA. Rather than being inferred, they 
were clearly visible and resembled the 
structures known from decade-old text- 
books. This amazement probably came 
in part from the fact that my tutors in 
theoretical physics had told me not to 
rely on pictures, but to draw my entire 
faith in the mathematical descriptions. In 
general, much of the early fascination 
for these techniques did not stem from 
novel information, but rather from the 
confirmation that they provided. How- 
ever, thirty years later, the situation is 
entirely different. Both techniques have 
established themselves as the methods 
of choice in many disciplines, all over 
the world. There is every reason to 
believe that the same will be true of 
superresolution microscopy. 
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In this issue of Cell, Chae et al. find that genomic “hot spots” encoding NLR plant immune receptor 
genes are recurrently responsible for hybrid necrosis, highlighting the role of host-pathogen evolu- 
tionary arms races in driving the evolution of hybrid incompatibilities. 



The evolution of new species involves the 
establishment of reproductive isolating 
mechanisms such as hybrid sterility or 
hybrid inviability between previously inter- 
breeding populations (Coyne and Orr, 
2004). Understanding the molecular basis 
of hybrid incompatibilities— the delete- 
rious genetic interactions that are respon- 
sible for hybrid defects— is a profound 
problem in biology. Two questions are of 
particular interest in this regard. First, 
are particular genes or molecular path- 
ways prone to playing a recurrent role in 
the manifestation of hybrid incompatibil- 
ities? Second, what are the biological 
forces that drive the emergence and 
spread of incompatible alleles in popula- 
tions? 

Studying hybrid incompatibilities within 
species provides a powerful approach to 
study speciation; the same hybrid incom- 
patibilities that segregate within species 
may also provide the raw material for the 
establishment of reproductive isolation 
between species. For instance, hybrid ne- 
crosis is a commonly observed defect in 
many inter- and intraspecific crosses in 
plants. In this issue of Cell, Chae et al. pro- 
vide a detailed genetic analysis of hybrid 
necrosis between strains of Arabldopsis 
thallana collected from diverse geograph- 
ical locations (Chae et al., 2014). The 
scale of their analysis is staggering. 
Through thousands of crosses involving 
80 completely sequenced strains of 
A thallana (Cao et al., 2011), the authors 
identify 142 cases of FI hybrid necrosis. 
Of these, seven were picked for further 
genetic analyses in which the causal allele 
was likely to be present in multiple genetic 



backgrounds, as evidenced by the simi- 
larity of FI hybrid phenotypes produced 
in crosses of one parent with several other 
parental backgrounds. An analysis of F2 
offspring using genotyping by sequencing 
identified seven new hybrid necrosis 
loci, labeled DM3 to DM9 (DM stands for 
Dangerous Mix [Alcazar et al., 2009; 
Bomblies et al., 2007]). Intriguingly, nearly 
all of the DM loci encode plant immune 
NLR (nucleotide-binding domain and 
leucine rich) proteins (Spoel and Dong, 
2012). 

Many of the FI incompatibilities under- 
lying hybrid necrosis involve pairwise 
interactions between distinct NLR loci, in 
accordance with a common portrayal of 
the Bateson-Dobzhansky-Muller (BDM) 
model for hybrid incompatibilities 
(Figure 1A). Under this model, new alleles 
at separate loci can arise and become 
fixed in populations because they are 
compatible with the genetic backgrounds 
in which they arose. However, these new 
alleles cause problems in hybrids when 
they do not function properly together. 
Surprisingly, DM8 and DM9 involve 
deleterious heterozygote interactions at 
the same genetic locus. Such single locus 
hybrid incompatibilities are rare and 
have generally been thought to be unlikely 
because a new incompatible allele that 
is sufficient to cause hybrid dysfunction 
must necessarily originate in a hetero- 
zygous state and therefore be instanta- 
neously deleterious. Examples include 
speciation between dextral and sinistral 
versions of snails (Orr, 1991; Ueshima 
and Asami, 2003). Another way out of 
this conundrum is the sequential fixation 



of new alleles at the same locus, as ap- 
pears to be the case with the DM8- and 
D/W9-incompatible alleles (Figure 1 B). 

The identification of the incompatible 
NLR alleles of DM8 and DM9 also sug- 
gests a specific biochemical possibility 
to explain still poorly understood aspects 
of NLR protein activation. For instance, 
pioneering work studying mechanisms of 
plant NLR protein activation has revealed 
that they can be activated either directly 
by specific pathogen effectors (“non- 
self”) or by effector- mediated modifi- 
cations of other “signaling hub” host 
proteins (“modified self”) such as the 
RPM1 -INTERACTING PROTEIN 4 (RIN4) 
(Maekawa et al., 2011; Spoel and Dong, 
2012) (Figure 1C). Yet, what molecularly 
activates plant NLR proteins is still some- 
what mysterious. The fact that DM alleles 
can cause hybrid necrosis with such high 
penetrance must imply that this combina- 
tion of NLR proteins leads to NLR activa- 
tion. This could be because each NLR 
protein is incompatible with a variant of 
a modified self protein (e.g., RIM4) from 
the other genome, resulting in cross-acti- 
vation (Spoel and Dong, 2012). However, 
if this were the case, the other locus 
should be genetically identifiable as a 
hybrid incompatibility locus. Alternatively, 
the direct interaction of these incompat- 
ible NLR proteins with each other might 
directly activate the host necrosis 
response. Under this scenario, an NLR 
protein might activate by recognizing an 
incompatible NLR partner as a modified 
self protein (Figure ID). In this regard, it 
is probably not a coincidence that Chae 
et al. find the DM2 locus to be involved 
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Figure 1. Hybrid Incompatibilities in NLR Genes Lead to Necrosis mArabidopsis 

(A) Consistent with the two-locus version of the Bateson-Dobzhansky-Muller (BDM) model for the evolution of hybrid incompatibilities, Chae et al. show that 
incompatible alleles could arise on different NLR clusters to cause incompatibility and hybrid necrosis. 

(B) DM8 and DM9 represent NLR alleles that each arose in isolation with compatible ancestral DM versions but become incompatible in the novel, untested 
configuration, consistent with the much rarer single-gene model of hybrid incompatibility. 

(C) Plant NLR genes frequently activate to trigger immunity (e.g., necrosis) upon sensing “self” proteins that have been modified by pathogen effectors i.e., 
“modified self” proteins. For instance, pathogen effector-mediated phosphorylation or fragmentation of the host protein RIM4 leads to specific activation of 
certain NLRs. 

(D) We speculate that the incompatibility between NLR proteins might arise because allelic differences in the DM2 locus (compatible versus incompatible alleles) 
are interpreted as modified self proteins, triggering NLR activation and therefore hybrid necrosis. 



in at least five out of nine known cases of 
F1 hybrid necrosis (Chae et al., 2014). 
DM2 could represent an example of a 
signaling hub protein in which incompat- 
ible NLR proteins interpret allelic differ- 
ences as modified self instead. DM2 
may be especially susceptible to trig- 
gering hybrid necrosis because its enzy- 
matic activity may be directly coupled to 
downstream signaling events that induce 
cell death. Study of the biochemical dif- 
ferences between the hybrid necrosis 
risk and nonrisk alleles of NLR genes is 
likely to reveal insights into what activates 
NLR proteins and what keeps them in 
check. 

Hybrid incompatibilities cause severely 
deleterious fitness consequences; the 
incompatible alleles are certainly not 
selected for these properties. Indeed, 
one might expect alleles with a propensity 
to be incompatible to have a significant 
selective cost within populations. Instead, 
hybrid incompatibilities are likely an acci- 
dental consequence of the evolution of 



these genes for other reasons. Biological 
phenomena that drive the rapid and 
recurrent evolution of genes, such as 
intragenomic conflict (Phadnis and Orr, 
2009) or host-pathogen arms races, pro- 
vide strong candidates for the engine 
of speciation. The increased genetic 
repertoire of NLR genes in plants (150 in 
Arabidopsis and 450 in rice) as compared 
to vertebrates (~20) (Maekawa et al., 
2011), together with their rapid evolution, 
might simply increase the odds of incom- 
patible combinations, or “a dangerous 
mix.” This might explain why hybrid 
incompatibility due to NLR genes is so 
rampant in plants. 

Crop breeders sometimes actively 
select hybrid necrosis genes to derive 
strains that are resistant to particular 
pathogens. It is almost certain that natural 
selection has done this for far longer, in a 
“tit-for-tat” between plant NLR proteins 
and plant pathogen effectors. Although 
this rapid adaption may confer pathogen 
resistance, Chae et al. find that such 



immunity might recurrently levy an acci- 
dental but high cost in occasionally pro- 
ducing incompatible combinations that 
cause autoimmunity and hybrid necrosis 
(Chae et al., 2014), sowing the seeds of 
speciation. 
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A high-resolution look at where histones touch DNA reveals a surprisingly intricate, dynamic, and 
modular nucleosome. Three advances in the study by Rhee et al. include unexpected interactions 
between the H3 tail and linker DNA, new evidence for existence of subnucleosomal particles, and 
asymmetric patterns of histone modification within a single nucleosome that correspond to the 
direction of transcription. 



In eukaryotic cells, DNA is packaged into 
nucleosomes. A single nucleosome con- 
sists of a protein spool made of histones, 
wrapped by DNA. In addition to pack- 
aging DNA, nucleosomes also compete 
with Other DNA-binding proteins and 
thereby influence access to the regulatory 
information that controls DNA-dependent 
processes such as transcription, repli- 
cation, and DNA repair. In this issue of 
Cell, Pugh and colleagues (Rhee et al., 
2014) apply a high-resolution mapping 
approach called ChIP-exo in yeast to 
examine the genome-wide position and 
organization of the individual histones 
that comprise nucleosomes. Their find- 
ings reveal surprisingly complex nucleo- 
some substructures and dynamics that 
immediately bring to light an exciting 
set of new questions for the field, 
while at the same time evoking early 
models of the nucleosome (Weintraub 
et al., 1976). 

Some background is required to set 
the stage for the three major advances 
derived from the results. The traditionally 
defined nucleosome core consists of an 
octamer of histone proteins, around which 
~1 47 bp of DNA is wrapped. This octamer 



is composed of two copies each of the his- 
tones H2A, H2B, H3, and H4. More specif- 
ically, dimers of H3 and H4 interact to form 
a tetramer, which is flanked on each side 
by a dimer of H2A and H2B. Pugh and col- 
leagues used ChIP-exo to determine the 
precise location of individual histone pro- 
teins across the yeast genome. ChIP-exo 
is a modified version of conventional chro- 
matin immunoprecipitation (ChIP) that 
provides high-resolution identification of 
binding sites for proteins that interact 
with DNA. Like ChIP, the first step in 
ChIP-exo is to covalently crosslink pro- 
teins to DNA with formaldehyde. After 
sonication to shear the chromatin into 
smaller fragments and immunoprecipita- 
tion with antibodies that recognize the 
protein of interest, ChIP-exo then uses 
lambda exonuclease to digest DNA 
strands in the 5' to 3' direction. Digestion 
is blocked when the exonuclease rea- 
ches a protein-DNA crosslink. After high- 
throughput sequencing, pairs of 5' ends 
on the forward and reverse strands 
(exonuclease stop points) thus represent 
the boundaries of a given protein-DNA 
interaction. ChIP-exo has previously 
been used to map binding sites for 



sequence-specific transcription factors 
(Rhee and Pugh, 2011), preinitiation com- 
plexes (Rhee and Pugh, 2012), and chro- 
matin remodelers (Yen et al., 2012; Yen 
et al.,2013). 

The first intriguing result of Rhee et al. 
(2014) concerns the amino-terminal tail 
of histone H3, which is heavily deco- 
rated with posttranslational modifications 
and has important regulatory functions. 
ChIP-exo results for H2B and H4 histones 
identified crosslinking points that closely 
correspond to the genomic locations ex- 
pected from the crystal structure (Luger 
et al., 1997). On the other hand, ChIP- 
exo results for histone H3 showed an 
unexpected crosslinking pattern. In the 
crystal structure, most of the amino acids 
comprising H3 reside at the nucleosome 
midpoint (called the “dyad”), where they 
contribute substantially to DNA inter- 
actions (Luger et al., 1997). However, the 
predominant H3-DNA interaction deter- 
mined by ChIP-exo was located in the 
linker DNA that separates adjacent nucle- 
osomes, not at the nucleosme dyad. The 
authors speculated that this interaction 
may be mediated through the N-terminal 
tail of histone H3, and then tested their 
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Figure 1. ChIP-Exo Reveals Asymmetric Features of Nucleosomes 
at Gene Promoters. 

The histone variant H2A.Z is enriched at the +1 nucleosome, and is prefer- 
entially localized to the NFR-distal side of +1 nucleosomes with high turnover. 
At highly expressed genes, histone modifications linked to transcription 
(H2BK123ub and H3K9ac) are asymmetrically localized on the side of the +1 
nucleosome closest to the NFR. H3K9ac is also associated with interactions 
between the H3 tail and DNA in the NFR. Away from promoters, histone H3 
tails interact with linker DNA, except when H3K36 is methylated. 



hypothesis by performing 
ChIP-exo in a yeast strain 
lacking the first 28 amino 
acids of H3. While the cross- 
linking signal between H3 
and linker DNA diminished in 
the H3A1-28 strain, a notice- 
able signal remained that 
was still greater than the H3 
signal at the dyad. Since 
approximately ten amino 
acids of the H3 tail are still 
present in the H3A1 -28 strain, 
the source of the residual H3- 
linker signal remains unre- 
solved. The significance of 
this interaction has not yet 
been tested, but it is notable 
due to the known regulatory functions of 
the H3 tail and because interactions be- 
tween histone tails and linker DNA may 
be important for higher-order chromatin 
organization. 

The increase in resolution afforded by 
ChIP-exo allowed the authors to make a 
second important finding: new evidence 
for semi-independent behavior of each 
half of the nucleosome and for the exis- 
tence of subnucleosomal particles. The 
nucleosome crystal structure shows that 
the histones are roughly symmetrical 
about the dyad axis, with one H2A/H2B 
dimer and one H3/H4 dimer located on 
each half of the nucleosome. Therefore, 
one might expect that the histone occu- 
pancies on one half of the dyad would 
be tightly correlated with the histone 
occupancies on the other half of the 
dyad. While histone occupancies across 
the nucleosome are indeed correlated, 
the authors found that histone occu- 
pancies on a given half of the dyad corre- 
lated much more closely with each other 
than with the histone occupancies on the 
opposite half of the dyad. H2B in partic- 
ular had pronounced differences in 
occupancy across the two halves of the 
nucleosome. These differences in histone 
occupancies could be explained by the 
presence of subnucleosomal-sized parti- 
cles consisting of hexasomes (nucleo- 
somes that lack one H2A/H2B dimer) 
and half-nucleosomes (nucleosomes 
containing one H2A/H2B dimer and one 
H3/H4 dimer). Multiple groups have pro- 
vided evidence for subnucleosomal- 
sized particles previously (Floer et al., 
2010; Henikoff et al., 2011; Kent et al.. 



2011). These subnucleosomal particles 
were interpreted to be partially unwound 
nucleosomes, “fragile” nucleosomes, 
and nonhistone transcription factor com- 
plexes. The ChIP-exo data presented in 
Rhee et al. is consistent with previous 
findings and extends them by providing 
strong evidence that subnucleosomal- 
sized particles smaller than hexasomes 
can consist of half-nucleosomes rather 
than H3/H4 tetramers. 

The third important observation in- 
volves asymmetries in the posttransla- 
tional modifications and histone variants 
within nucleosomes. Since a given gene 
is transcribed predominantly in a single 
direction, the histone modifications and 
variants that contribute to different steps 
of the transcription cycle are typically 
deposited with a distinct polarity along 
the length of the gene. For example, 
H3K4me3 is primarily found at gene pro- 
moters, whereas H3K36me3 is enriched 
toward the 3' end of genes. The authors 
asked if there was transcription-corre- 
lated polarity at the level of individual his- 
tone proteins within a nucleosome by 
performing ChIP-exo using antibodies 
that recognize H3K9ac, H2Bub, and the 
histone variant H2A.Z. Remarkably, the 
histone H3 crosslinks that remained 
following H3K9ac ChIP were enriched pri- 
marily on the NFR-proximal half of the +1 
nucleosome. The +1 nucleosome is the 
first nucleosome in a gene immediately 
downstream of the transcriptional start 
site and is typically preceded by a nucleo- 
some free region (NFR). ChIP-exo with 
antibodies to all forms of H3 revealed 
no crosslinking in the NFR, suggesting 



that the H3K9ac interaction 
occurred only in a small sub- 
set of the population or was 
very transient. Further in- 
vestigation revealed that this 
signal was only found at 
highly transcribed genes. 
H2Bub also showed a similar 
pattern of occupancy on 
the NFR-proximal half of 
the +1 nucleosome of highly 
transcribed genes. The his- 
tone variant H2A.Z was also 
incorporated into the +1 
nucleosome; however, it was 
asymmetrically localized to 
the other side of the nucleo- 
some, on the NFR-distal 
half (Figure 1). This contrasts with 
previous ChIP-exo data in which H2A.Z 
showed symmetrical localization on 
the +1 nucleosome (Yen et al., 2013). 
Interestingly, the chromatin remodeler 
that deposits H2A.Z into chromatin 
(SWR-C) was reported to localize asym- 
metrically to the opposite (NFR-proximal) 
side of the +1 nucleosome. Therefore, 
how H2A.Z becomes enriched on the 
NFR-distal half of the +1 nucleosome re- 
mains to be determined. It is possible 
that an asymmetry exists in the proposed 
cycle of H2A.Z deposition and removal 
by chromatin remodelers (Yen et al., 
2013). 

The three principal findings described 
by Rhee et al., namely the interactions 
between histone H3 and linker DNA, evi- 
dence for existence of subnucleosomal 
particles, and the asymmetric patterns 
of histone modifications and variants, 
add to the evidence for a complex and 
dynamic nucleosome. Pugh and col- 
leagues have discovered important de- 
tails of nucleosome structure that will 
inform future investigations into the 
mechanisms by which histone organiza- 
tion, modification, and stability contribute 
to transcription and other DNA-depen- 
dent processes. 
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How chaperonins orchestrate the successful folding of even the most elaborate of proteins is a 
question of central importance. In two recent studies in Cell by Joachimiak et al. and Freund 
et al., a new class of TRiC substrate is identified, and how the chaperonin exploits its different sub- 
units to extend its substrate repertoire and direct productive folding is revealed. 



For proper functioning, newly synthesized 
proteins must be correctly folded. This can 
be difficult to achieve, especially for large 
proteins with complex topologies. Mis- 
folded proteins are not only inactive but 
can be toxic, creating a devastating imbal- 
ance of protein synthesis and folding that 
has been linked to many devastating dis- 
eases (Kim et al., 201 3). Molecular chaper- 
ones interact with unfolded and partially 
folded proteins to facilitate folding and 
prevent misfolding and aggregation. To 
perform these functions, ATP-driven mo- 
lecular chaperones, such as Hsp70s, 
HspQOs, and the Hsp60 chaperonins, use 
the energy of ATP to control substrate 
binding and release and to promote cor- 
rect folding (Kim et al., 2013). 

Chaperonins are complex allosteric 
machines. They consist of two stacked 
rings of seven or more identical, or homol- 
ogous, subunits that form a barrel-like 
structure used to encapsulate the folding 
substrate protein (Figure 1). The most 
well-studied group I chaperonin, bacterial 
GroEL, is formed from two rings, each 
with seven identical 60 kDa subunits. 
This homo-oligomeric chaperonin inter- 
acts with its substrate proteins predo- 
minantly via hydrophobic interactions 
(Figure 1 , left). By contrast, the eukaryotic 
group II chaperonin, TCP-1 ring complex 



(TRiC), is a hetero-oligomeric chaperonin, 
and it recognizes its substrates via hy- 
drophobic, electrostatic, and/or polar mo- 
tifs (Dunn et al., 2001; Kalisman et al., 
2013). The increased complexity of the 
hetero-oligomeric ring allows TRiC to pro- 
mote folding of a very broad range of pro- 
tein substrates. Indeed, about 5%-10% 
of all newly synthesized proteins require 
TRiC to fold (Yam et al., 2008). TRiC has 
also been shown to inhibit the aggrega- 
tion of huntingtin, interacting with the 
tips of polyQ-containing fibrils, as well as 
smaller oligomers (Shahmoradian et al., 
2013). 

In this issue of Cell, Freund et al. (2014) 
report the discovery of a new TRiC sub- 
strate— the telomerase protein TCAB1 — 
which is essential for trafficking of telome- 
rase and small Cajal body RNAs required 
for telomere maintenance during cell divi- 
sion (Venteicher and Artandi, 2009). The 
authors performed a genome-wide RNA 
fluorescence in situ hybridization (FISH)- 
based siRNA screen for genes required 
for Cajal bodies’ localization of a key telo- 
merase enzyme, the telomerase RNA 
component (TERC), and telomerase pro- 
tein TCAB1. Surprisingly, in addition to 
known telomerase assembly factors, the 
authors found that several TRiC subunits 
are required for TERC and TCAB1 locali- 



zation in Cajal bodies. Depletion of TRiC 
results in a loss of TCAB1 , mislocalization 
of telomerase and Cajal body RNAs, and 
failure of telomere elongation. TRiC, it 
turns out, is essential for TCAB1 folding. 
The results explain why mutations in 
TCAB1 can lead to severe diseases and 
suggest that a larger range of protein sub- 
strates than considered hitherto may 
require TRiC to fold. 

In a second recent study in Cell, Joachi- 
miak et al. (2014) shed exciting new light 
on the structural mechanism of substrate 
recognition by TRiC and how TriC is able 
to fold its broad range of protein sub- 
strates (Yam et al., 2008, Shahmoradian 
et al., 2013, Freund et al., 2014). Each 
ring of TRiC consists of eight homologous 
subunits (CCT1-CCT8) (Figure 1, right- 
hand, top), with the majority of the 
sequence variations between TRiC’s sub- 
units being found in their apical domains 
(Dunn et al., 2001). Like its GroEL homo- 
log, substrates bind to the apical domains 
of TRiC, and it has been suggested previ- 
ously that the sequence variations in 
these domains are important for substrate 
recognition (Dunn et al., 2001; Kalisman 
et al., 2013). However, how TRiC binds 
its broad repertoire of substrates and 
promotes their correct folding remained 
elusive. 
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Figure 1. Substrate Recognition and Binding to Group I and Group II Chaperonins 

(Left) Schematic model for substrate interactions with the group I chaperonin GroEL via hydrophobic 
motifs, which are identical for all seven subunits in each of its two rings. (Top right) X-ray structure of full- 
length hetero-oligomeric TRIG, which has eight different subunits in each of its two rings (PDB: 4D8R); 
amino acid types in the substrate-binding sites for individual apical domains are highlighted as colored 
spheres: nonpolar residues (yellow), polar (gray), acidic (red), and basic (blue). (Bottom right) Common 
rules for substrate binding by TRIG that allow folding of its different substrates: (A) combinatorial multisite 
substrate binding and (B) proposed model for how binding to different subunits may direct folding via 
sequential release of different recognition motifs. Different colors highlight unique substrate binding motifs 
for different TRIG subunits. 



To address this question and to obtain a 
structural model for how TRIG binds its 
substrates, Joachimiak and colleagues 
used nuclear magnetic resonance (NMR) 
and modeling to determine the sub- 
strate-binding interface between the iso- 
lated apical domain of the TRIG subunit, 
GGT3, with the 54 residue HIV protein, 
p6. Alanine substitutions on the sub- 
strate-binding interface derived from this 
structural model revealed that nonpolar, 
polar, and charged residues contribute 
to the substrate binding kinetics for 
GGT3. Next, the authors explored 
whether other TRIG subunits share the 
same binding site. An extension of their 
analysis to the apical domain of GGT1 
and its substrate (the so-called box 1 
from Hippel Lindau tumor suppressor 
[VHL] [Spiess et al., 2006]) revealed that 
this substrate binds GGT1 in precisely 
the same region that GGT3 binds p6. In 
a similar vein, chemical crosslinking- 
mass spectrometry (XL-MS) was used to 
show that the TRIG substrates, tubulin 
and the HIV protein Gag, form multivalent 
contacts with different TRIG subunits 



(GGT2, GGT6, and GGT7) using similar 
substrate-chaperonin interfaces to those 
identified for the isolated apical domains 
of GGT3 and GGT1 using NMR. Interest- 
ingly, the authors show how intrinsic flex- 
ibility of the substrate-binding site allows 
different substrates to bind in different 
configurations to the same apical domain, 
whereas the unique substrate-binding 
motifs in the different TRiG subunits 
enable different substrates that share no 
sequence similarly to bind (Figure 1, 
right-hand, lower). Asymmetric ATP bind- 
ing to the TRiG ring (Reissmann et al., 
2012) provides an additional level of 
complexity, which enables TRiG to 
release different regions of a protein sub- 
strate sequentially during its allosteric 
cycle. Such a mechanism would allow 
TRiG to orchestrate folding by controlled 
release of different regions of the sub- 
strate protein (which can then fold), 
whereas other regions remain bound to 
the TRiG ring. Together, the results reveal 
fascinating new insights into how a single 
chaperonin is not only able to fold an array 
of different protein sequences but also 



how the route of folding may be manipu- 
lated by utilizing the different properties 
of individual subunits within the chapero- 
nin ring (Figure 1). 

Although TRiG-substrate interactions 
have come into clear focus through 
these exciting studies, several questions 
remain. To understand precisely how 
TRiG promotes folding of its different sub- 
strates, detailed structural information is 
needed to provide direct evidence for 
the appealing model proposed invoking 
directed folding via controlled substrate 
release by the chaperonin. Moreover, 
how TRiG binding is able to steer 
folding along productive routes and 
how the chaperonin is able to “choose” 
the right folding path for its different 
protein substrates remain a mystery. Dis- 
covery of new classes of TRiG substrates 
and further insights into ATP- and sub- 
strate-induced allosteric conformational 
changes within, and between, TRiG sub- 
units for different TRiG substrates will be 
needed to answer these questions. None- 
theless, it is clear that nature has evolved 
a clever machine in TRiG that enables a 
single chaperonin to fold some of the 
trickiest of protein folds. 
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Normal energy metabolism is characterized by periodic shifts in glucose and fat oxidation, as the 
mitochondrial machinery responsible for carbon combustion switches freely between alternative 
fuels according to physiological and nutritional circumstances. These transitions in fuel choice 
are orchestrated by an intricate network of metabolic and cell signaling events that enable exquisite 
crosstalk and cooperation between competing substrates to maintain energy and glucose homeo- 
stasis. By contrast, obesity-related cardiometabolic diseases are increasingly recognized as disor- 
ders of metabolic inflexibility, in which nutrient overload and heightened substrate competition 
result in mitochondrial indecision, impaired fuel switching, and energy dysregulation. This Perspec- 
tive offers a speculative view on the molecular origins and pathophysiological consequences of 
metabolic inflexibility. 



Introduction 

A staggering 68% of U.S. adults classify as obese or overweight. 
Increased adiposity is associated with insulin resistance, hyper- 
tension, hepatic steatosis, dyslipidemia, glucose intolerance, 
and hyperinsulinemia. Collectively known as the metabolic syn- 
drome, this constellation of comorbidities raises the risk of devel- 
oping cardiovascular disease and type 2 diabetes. In general, 
these are diseases of energy surplus, caused in large part by phys- 
ical inactivity and overconsumption of calorically dense processed 
foods. Drug discovery efforts aimed at curtailing the epidemic 
spread of metabolic disease have focused heavily on mechanisms 
governing systemic glucose and lipid balance and the interplay 
between nutrient supply and insulin sensitivity. In most cases, 
the onset of insulin resistance comes early in disease development 
and plays a central role in the etiology of late-stage complications. 
Because insulin orchestrates systemic flux and disposal of 
glucose, fatty acids, and amino acids, resistance to the actions 
of the hormone gives rise to a metabolic storm of aberrant nutrient 
partitioning. Among the key features of this storm is an apparent 
stiffness in mitochondrial substrate selection, such that various or- 
gans and cell types fail to appropriately adjust fuel choice in 
response to nutritional circumstances. This phenomenon, dubbed 
“metabolic inflexibility,” has gained growing attention as a hall- 
mark of cardiometabolic disease and a potential cause of cellular 
dysfunction. Thus, emerging evidence implies that metabolic 
health deteriorates as mitochondria lose their capacity to switch 
freely between alternative forms of carbon energy. This Perspec- 
tive considers the physiological relevance of substrate choice and 
the molecular consequences of mitochondrial indecision. 

Metabolic Flexibility and the Freedom of Choice 

Mitochondria, the respiratory engines of the cell, consume oxy- 
gen to “burn” carbon intermediates derived from three principal 



nutrients: fatty acids, glucose, and amino acids. These fuels can 
each be catabolized to acetyl-CoA, which serves as the universal 
substrate that feeds the tricarboxylic acid cycle (TCAC). Each 
turn of the TCAC releases carbons in the form of CO 2 while 
also generating reducing equivalents (NADH and FADH 2 ) that 
drive the electron transport chain (ETC) and oxidative phosphor- 
ylation (OXPHOS), a less powerful but more efficient and higher 
capacity ATP regenerating system than glycolysis. The ETC/ 
OXPHOS system requires oxygen as the final electron acceptor, 
resulting in the production of water. Cellular rates of CO 2 produc- 
tion relative to oxygen consumption, or the respiratory quotient 
(RQ), fluctuate between 0.7 and 1.0 and provide an approxima- 
tion of mitochondrial fuel use under typical conditions in which 
amino acids contribute only minimally as an oxidative substrate. 
A high RQ is indicative of glucose oxidation, whereas a low RQ 
reflects predominately fat oxidation. 

Normal physiology is characterized by diurnal oscillations in 
whole-body RQ, reflective of a metabolically flexible state in 
which mitochondria switch freely between substrates (fat and 
sugar) based on nutritional and physiological cues. For the pur- 
pose of this discussion, a metabolically sensitive and flexible 
system is defined as one in which nutrient and energetic signals 
are rapidly propagated and appropriately interpreted to elicit 
finely tuned adjustments in fuel partitioning. The physiological 
importance of metabolic plasticity cannot be understood without 
first considering the evolutionary pressure for mitochondria to 
choose fat as a fuel source when systemic glucose reserves 
are threatened. Whereas lipids provide an abundant, carbon- 
rich energy source for most tissues, the brain has limited capac- 
ity for fat catabolism and therefore relies heavily on a continuous 
supply of glucose. During periods of food restriction or sustained 
exercise, protection against hypoglycemia is accomplished by 
having more versatile tissues (e.g., cardiac, skeletal muscle. 
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Figure 1. Nutrient Sensing and Signaling 
Regulate Substrate Selection during Fast- 
ing and Feeding 

Glucose and fatty acids serve as the primary 
catabolic substrates that provide acetyl-CoA to 
the tricarboxylic acid cycle. The pathways of 
glucose and fat oxidation are reciprocally regu- 
lated by several key metabolic intermediates and 
signals. During fasting, elevated acetyl-CoA 
derived from high rates of p-oxidation lowers 
glucose oxidation by allosterically inhibiting PDH 
and by activating its inhibitory kinase, PDK. 
Conversely, feeding and glucose surplus restrict 
fat oxidation by increasing production of malonyl- 
CoA, which inhibits CPT1 . Citrate acts as a signal 
of plenty that limits glycolytic flux by inhibiting PFK 
and lowers p-oxidation by giving rise to cyto- 
plasmic acetyl-CoA and malonyl-CoA via CL and 
ACC, respectively. During periods of energy 
deficit, an increase in the cellular AMP/ATP ratio 
activates AMPK, which phosphorylates and in- 
hibits ACC while also activating MCD, thereby 
relieving malonyl-CoA-mediated inhibition of 
CPT-1 and promoting fat oxidation. Catabolism of 
branched-chain amino acids (BCAA) is regulated 
by BCKD, which is feedback inhibited by acyl- 
CoA products of the complex due to activation 
of its inhibitory kinase, BCK. Increased cellular 
concentrations of pyruvate, BCAA, and fatty acyl- 
CoAs promote their own catabolism by antago- 
nizing the inhibitory actions of PDK, BCK, and 
malonyl-CoA, respectively. 

ACC, acetyl-CoA carboxylase; ACS, acyl-CoA 
synthetase; AMPK, 5’ AMP-activated kinase; 
BCAA, branched-chain amino acids; BCKD, 
branched-chain ketoacid dehydrogenase; BCK, 
BCKD kinase; CL, citrate lyase; CPT1 , carnitine palmitoyltransferase 1 ; ETC, electron transport chain; G6P, glucose 6 phosphate; HK, hexokinase; LCAC, long- 
chain acylcarnitine; LCACoA, long-chain acyl-CoA; MCD, malonyl-CoA decarboxylase; PFK, phosphofructokinase; PDH, pyruvate dehydrogenase; PDK, PDH 
kinase. Red indicates inhibition; green indicates activation; circles are transporters. 




liver) convert to a lipid-based respiratory economy. At a systemic 
level, this switch in metabolic currency is mediated in large part 
by the counter-regulatory hormones, insulin and glucagon, both 
of which exert strong influence on adipose tissue lipolysis. 
Fasting lowers the insulin:glucagon ratio, which stimulates hy- 
drolysis of adipose tissue triacylglycerol and thereby increases 
delivery of free fatty acids to the periphery. Lipolysis also occurs 
in tissues such as muscle and liver, further facilitating rapid pro- 
vision of lipid fuel. 

As first recognized by Randle (Randle, 1998), systemic 
changes in energy supply and demand are also monitored and 
controlled locally, such that glucose consumption is suppressed 
when fat oxidation increases. For example, increased supply 
and oxidation of fatty acids leads to cellular accumulation of 
acetyl-CoA, NADH, and ATP, which allosterically inhibit pyruvate 
dehydrogenase (PDH), the mitochondrial enzyme complex that 
couples glycolysis to glucose oxidation (Figure 1). This same 
set of allosteric effectors activates a family of PDH kinases that 
phosphorylate the complex, further inhibiting its catalytic activity 
(Sugden and Holness, 2006). Randle’s glucose-fatty acid cycle 
hypothesis further proposed that a rise in cellular citrate inhibits 
phosphofructokinase-1 and that lowering of glycolysis and pyru- 
vate oxidation results in accumulation of glucose-6-phosphate 
(G6P), leading to allosteric inhibition of hexokinase 2 (HK2) in 
muscle and heart and diminished glucose uptake. This recip- 
rocal regulation of substrate selection not only preserves 



glucose for the brain, but also relieves pyruvate from duties as 
an oxidative fuel while permitting its use as a gluconeogenic pre- 
cursor in liver or an anaplerotic substrate that refills the TCAC in 
muscle and heart. 

Another important alternative fuel source during starvation 
comes as a result of proteolysis and amino acid catabolism, 
which is regulated, in part, by the mitochondrial branched-chain 
ketoacid dehydrogenase (BCKD) complex. Like PDH, this com- 
plex is allosterically inhibited by NADH and the acyl-CoA esters 
that arise during branched-chain amino acid catabolism and is 
covalently inactivated by phosphorylation via BCKD kinase. 
Also noteworthy, the branched-chain amino-acid-derived a-ke- 
toacid substrates of BCKD inhibit this kinase and thereby pro- 
mote complex activity when amino acids are present in excess 
(Shimomura et al., 2001). This regulatory strategy conserves 
cellular proteins during short periods of fasting and promotes 
amino acid catabolism in response to a protein-rich diet and dur- 
ing prolonged starvation or exercise when muscle protein break- 
down is activated. 

By contrast, the nutrient and hormonal milieu elicited by the 
postprandial state favors glucose uptake, glycolysis, and pyru- 
vate oxidation and a corresponding suppression of fatty acid 
catabolism. The mechanisms governing the meal-induced 
switch from fatty acid to glucose oxidation first came to light 
through the elegant work of McGarry and colleagues (McGarry, 
2002), who discovered that feeding increases tissue levels of a 
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precursor for de novo lipogenesis, malonyl-CoA, that also serves 
as a potent allosteric inhibitor of carnitine palmitoyltransferase-1 
(CPT-1) (Figure 1). Positioned on the outer mitochondrial mem- 
brane, CPT-1 converts long-chain fatty acyl-CoAs to long-chain 
acylcarnitines that are able to traverse the inner membrane. 
Accordingly, CPT-1 acts as the gateway for entry of fatty acids 
into the mitochondrial matrix. Production of malonyl-CoA, the 
gatekeeper, increases when glucose is plentiful, thus restricting 
(3-oxidation (McGarry, 2002). Additionally, the glucose-induced 
rise in pyruvate inhibits the PDKs and thereby favors dephos- 
phorylation and activation of the PDH complex. This step results 
in refilling of the TCAC and net export of citrate. Upon delivery to 
the cytoplasm, citrate is cleaved by ATP-citrate lyase to oxaloac- 
etate and acetyl-CoA, the latter of which is then carboxylated 
and converted to malonyl-CoA by one of two isoforms of acetyl 
CoA carboxylase (ACC). Citrate also acts as an allosteric acti- 
vator of ACC in a feedforward manner. In sum, an influx of 
glucose into the TCAC results in mitochondrial export of carbon 
metabolites that serve as negative regulators of fat oxidation to 
facilitate a robust switch in fuel selection. Transitions from a 
fed state back to a state of energy deficit (e.g., fasting or 
exercise) relieve the inhibition fat oxidation through activation 
of the energy stress sensor, 5’ AMP-activated kinase (AMPK), 
which phosphorylates and inactivates ACC, thereby lowering 
malonyl-CoA levels and increasing CPT-1 activity. 

Collectively, the mechanisms originally described by Randle 
and McGarry represent key components of a sophisticated 
metabolic network that monitors and responds to the local and 
systemic nutrient environments to maintain glucose homeosta- 
sis. Transitions between fasting and feeding trigger a wave of 
metabolite signals that guide mitochondrial fuel choice and regu- 
late carbon trafficking (Figure 1). Metabolic intermediates arising 
from fat catabolism act as negative regulators of glucose oxida- 
tion and vice versa. Crosstalk and cooperation between 
competing substrates enable mitochondria to choose the energy 
source that is most appropriate for a particular physiological 



Figure 2. Mitochondrial Indecision Results 
in Metabolic Inflexibility 

In healthy, metabolically flexible states, con- 
sumption of a high-carbohydrate (CHO) meai 
together with a smaii rise in biood insulin ieveis 
eiicit a surge in the respiratory quotient (RQ; VCO2/ 
VO2), indicative of a robust shift from fatty acid to 
giucose oxidation. During the postprandiai (PP) 
hours foiiowing a meai, mitochondria consume a 
mixture of fats and carbohydrate. Progression 
toward the postabsorptive (PA) state and pro- 
ionged fasting are accompanied by increased fat 
oxidation and a corresponding deciine in the RQ. 
Mitochondriai capacity to switch freeiy between 
oxidative fueis depending on the nutritionai 
context is iost in obese, metaboiicaiiy inflexibie 
individuals. Persistent oxidation of a mixture of 
carbon fueis increases mitochondriai congestion 
and risk of metaboiic hazard. 



state. Preferential selection of glucose 
during the fasted-to-fed transition pre- 
vents hyperglycemia, whereas the switch 
to alternative fuels (lipids and amino 
acids) during periods of food deprivation defends against hypo- 
glycemia and ensures organism survival. 

Metabolic Congestion Resuits in Mitochondriai 
Indecision 

It is important to consider that human physiology evolved to 
cope with dramatic fluctuations in energy supply and demand 
during periods of feast and famine or hunting/gathering. Thus, 
episodes of refueling were typically preceded by a sustained 
period of energy deficit. By contrast, physiology in the modern 
era is characterized by a steady influx of competing fuels. A large 
body of evidence suggests that overnutrition and unabated sub- 
strate competition lead to a state of metabolic insensitivity and 
inflexibility, characterized by distorted nutrient sensing, blunted 
substrate switching, and impaired energy homeostasis. 

The concept of metabolic inflexibility was first introduced by 
Kelley and colleagues, who monitored gas exchange across 
the leg to examine substrate switching in healthy compared to 
obese and diabetic subjects (Figure 2) (Kelley et al., 1999). 
Lean, healthy subjects shifted from a low RQ in the fasted state 
to a high RQ during a hyperinsulinemic-euglycemic clamp, an 
infusion procedure that mimics the fed state by increasing 
plasma insulin concentrations while holding blood glucose con- 
stant at basal levels. When this same test was applied to obese 
and type 2 diabetic subjects, the transition to the “fed” state was 
accompanied by only a marginal change in RQ. Therefore, the in- 
sulin-resistant individuals continued to oxidize a fixed mixture of 
fats and carbohydrates regardless of the nutritional context. 
Additionally, emerging evidence suggests that increased amino 
acid supply and catabolism (which elicits an intermediate RQ) 
might also contribute to obesity-related perturbations in fuel 
use (Newgard, 2012). Thus, in the context of chronic over- 
feeding, competition between substrates escalates, cooperation 
is lost, and the mitochondria are left in a state of indecision char- 
acterized by persistent oxidation of all three major fuels. This 
phenomenon of blunted fuel switching has now been described 
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in a variety of clinical settings, including obesity (Prior et al., 
2014), diabetes (Ukropcova et al., 2007), heart disease (Turer 
et al., 201 0), nonalcoholic steatohepatitis (Lee et al., 201 4), poly- 
cysticovarian syndrome (Di Sarra et al., 201 3), and physical inac- 
tivity (Bergouignan et al., 2013). Whereas most of these studies 
evaluated substrate use by skeletal muscle, heart, and/or liver, 
emerging evidence shows that similar perturbations in fuel 
switching and nutrient responsiveness manifest in other organs 
and cell types, including adipose tissue (Sparks et al., 2009), 
macrophages (Asterholm et al., 2012a), and monocytes (Liu 
et al., 2012). 

Metabolic inflexibility can also be induced experimentally in 
rodents with high-fat feeding (Koves et al., 2008; Newgard, 

201 2) or as a consequence of one of numerous and disparate ge- 
netic manipulations used to mimic various metabolic disease 
states (Asterholm et al., 2012b; Koves et al., 2008; Vadvalkar 
etal., 2013). In many cases, mitochondrial capacity to switch be- 
tween fuels is coupled to changes in cellular and/or tissue func- 
tions, such as insulin action, glucose disposal, lipolysis, lipid 
storage, cardiac contractility, immune function, and inflamma- 
tory response (Asterholm et al., 2012a, 2012b; Koves et al., 
2008; Liu et al., 2012; Sparks et al., 2009; Vadvalkar et al., 

2013) . Moreover, sluggish responses to a change in nutrient 
load appear to extend beyond substrate selection and are 
observed at the level of gene and protein expression. Thus, 
robust induction or suppression of a wide range of transcripts, 
which typically occurs during the fasting-to-fed transition, is 
attenuated in models of disease (Gao et al., 2014; Jans et al., 
2011). This consequence is not surprising considering that 
many of the aforementioned signaling events and metabolic in- 
termediates that mediate the glucose-fatty acid cycle also influ- 
ence gene transcription via direct or indirect mechanisms. 
Although this mode of regulation is unlikely to influence immedi- 
ate responses to a meal and/or insulin stimulation, nutrient- 
induced modulation of mRNA and protein abundance probably 
reflects cellular anticipation of prolonged stress and/or priming 
of the network for the next meal. This type of hormetic adaptation 
builds regulatory reserve and enhances the capacity of the 
network to monitor and cope with future metabolic insults. 
Accordingly, perturbations in meal-induced transcriptional/ 
translational reprogramming might compromise nutrient sensi- 
tivity in response to chronic metabolic pressures (Gao et al., 

2014) . 

Mitochondrial Overload Leads to Metabolic Gridlock 

Research to delineate the molecular origins of metabolic inflexi- 
bility has focused largely on the glucose-fatty acid cycle and/or 
aberrant production of malonyl-CoA. Although these mecha- 
nisms certainly weigh heavily on fuel selection, the finding that 
inflexibility is associated with or can be provoked by a broad 
range of clinical and experimental circumstances suggests that 
the molecular basis of this condition reaches beyond dysregula- 
tion of PDH and/or CPT-1 . It is important to consider that: (1) fuel 
selection occurs at the level of the mitochondrion, (2) carbon 
substrates are the source of the electrons that feed the ETC, 
and (3) oxidative phosphorylation satisfies 70%-90% of ATP de- 
mand in most cells. Accordingly, this organelle is ideally posi- 
tioned to monitor and transmit energy and nutrient status 



throughout the metabolic network (Anderson et al., 2009; Mail- 
loux et al., 2013; Muoio and Neufer, 2012; Newman et al., 
2012). This mito-centric model of nutrient sensing and partition- 
ing suggests that cellular energy charge and shifts in flux control 
are integrated and executed as a function of mitochondrial car- 
bon load. 

To conceptualize a network model of metabolic inflexibility, 
the spatiotemporal features of carbon flux through the metabolic 
interstates of an organism transitioning from fasting to feeding 
can be viewed in a manner analogous to the onset of rush hour 
traffic. When volume is light, free-flowing traffic remains highly 
responsive to internal cues based on operator decisions and me- 
chanical function, as well as external inputs from traffic signs and 
signals. Linder these circumstances, distance between vehicles 
remains generous, buffering capacity is robust, and abrupt fluc- 
tuations in traffic density and speed can occur with minimal risk 
of collision. As volume expands, bottlenecks at highly traveled 
intersections impede flow, the buffering capacity of the network 
diminishes, and the probability of random collision mounts. An 
incident at a critical node can lead to systemic paralysis, such 
that traffic flow remains unresponsive even when a major signal 
changes from red to green. The roadways reach a state of grid- 
lock, and the time and energy required to restore normal flow 
depends on the extent of the impasse and the severity of the 
damage. 

It is conceivable that a similar state of gridlock develops when 
organisms eat voraciously and often (Figure 3). During and 
immediately after each meal, carbon traffic becomes more con- 
gested and competition between substrates intensifies. More- 
over, as intracellular triacylglycerol and glycogen depots reach 
capacity, continuous turnover of these large reservoirs imposes 
additional nutrient pressure on the network due to mass action. 
Eventually, carbon flux is perturbed, not only due to the high vol- 
ume of traffic, but also as a result of distorted and conflicting sig- 
nals that provoke a situation of metabolic “road rage” between 
the products of CPT-1, PDH, and BCKD. As tensions escalate 
and the three substrates battle for the right of way, mitochondria 
are confronted with an ever-increasing nutrient burden. 

Based on first-order kinetics, the overfed mitochondria 
continue to degrade incoming carbon substrates. Although rates 
of fuel catabolism might be low, each molecule of acetyl-CoA 
produced by the processes of glucose, fat, and amino acid 
oxidation is accompanied by the generation and delivery of 
reducing equivalents to the ETC. Because OXPHOS is a de- 
mand-driven process regulated by ADP availability, an increase 
in electron delivery does not necessitate a proportional increase 
in ATP production. When electron supply to the Q cycle exceeds 
demand for ATP synthesis, mitochondrial membrane potential 
rises and proton pumping at complexes I, III, and IV is met with 
increasing back pressure. Linder these circumstances, the 
main escape route for incoming electrons occurs via the reduc- 
tion of molecular oxygen and generation of the superoxide anion, 
followed by its rapid conversion to hydrogen peroxide (H 2 O 2 ) by 
superoxide dismutase. Recent studies also identify PDH, BCKD, 
and a-ketoglutarate dehydrogenase as important sites of ROS 
production (Fisher-Wellman et al., 2013). Consequently, as the 
NADH/NAD^'^^ redox pair shifts to a more reduced state, the 
microenvironments surrounding the ETC and the 2-oxoacid 
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Figure 3. Nutrient Overload Leads to Mito- 
chondrial Gridlock and Cellular Dysfunction 

Glucose, fatty acids, and branched-chain amino 
acids are degraded to acyl-CoA intermediates that 
fuel the mitochondrial tricarboxylic acid cycle 
(TCAC). All catabolic roadways in the mitochon- 
dria, including the TCAC, lead to the production of 
reducing equivalents (NADH) that feed the elec- 
tron transport chain (ETC), thereby permitting ATP 
regeneration to support cellular work and energy 
expenditure. In healthy states, carbon traffic at the 
crossroads marked by PDH, CPT1, and BCKD is 
coordinately and reciprocally regulated by an 
intricate network of metabolic signals that match 
energy supply to ATP demand. High rates of fat 
oxidation inhibit glucose and BCAA catabolism 
and vice versa, thereby preventing mitochondrial 
congestion when ATP consumption is low. 
Chronic overnutrition causes metabolic confusion 
and signal failure, resulting in unabated influx of 
surplus fuel and an ensuing traffic jam at several 
critical bottlenecks where the roadways converge. 
As mitochondrial traffic reaches a state of grid- 
lock, membrane potential rises and accumulating 
electrons and acyl-CoAs are diverted toward ROS 
generation and PTMs such as glutathionylation and lysine acetylation, which further disrupts nutrient sensing and signaling. If these road hazards are not suf- 
ficiently managed by the mitochondrial buffering and repair systems, mounting irreversible damage to cellular macromolecules leads to organ dysfunction. 




dehydrogenase complexes becomes more conducive to H 2 O 2 
production and emission (Anderson et al., 2009). 

Hydrogen peroxide and other reactive oxygen species are 
now well recognized as bona fide signaling molecules that 
modulate reversible oxidation/reduction of sulfur atoms within 
critical cysteine residues of numerous proteins. The interconver- 
sion of these so-called “sulfur switches” from protein thiols 
(reduced form) to their corresponding disulfides (oxidized form) 
affects the activities and/or functions of an expansive network 
of redox-sensitive metabolic enzymes and signaling proteins 
(Brandes et al., 2009). This link implies that perturbations in the 
frequency, amplitude, and/or duration of the mitochondrial 
H 2 O 2 pulse could have far-reaching effects on redox circuitry, 
nutrient flux, and energy homeostasis (Mailloux et al., 2013). 
Additionally, as oxidative stress builds, H 2 O 2 and other ROS 
are more likely to collide with and damage cellular constituents 
via irreversible reactions such as protein carbonylation and lipid 
peroxidation (Frohnert and Bernlohr, 2013), further compro- 
mising the integrity and plasticity of the network. 

Meanwhile, as delivery of carbons persists and the amount of 
excess fuel mounts, the NADH/NAD^^^ ratio within the mitochon- 
drial lumen increases and redox inhibition of several TCAC en- 
zymes limits flux through this major metabolic beltway. The 
ensuing mismatch between the early steps of carbon degrada- 
tion and TCAC flux can lead to intramitochondrial accumulation 
of acetyl-CoA and other acyl-CoAs at several crucial bottle- 
necks, particularly at sites where catabolism of the three fuels 
converge (Figure 3) (Koves et al., 2008; Newgard, 2012). Also 
notable is that citrate synthase, the main entry point into the 
TCAC, does not bind acetyl-CoA without first binding to its 
other substrate, oxaloacetate. Additionally, amino-acid-derived 
succinyl-CoA acts as a potent inhibitor of citrate synthase. As 
such, a limitation at the level oxaloacetate and/or accumulation 
of succinyl-CoA adds further pressure on the expanding mito- 
chondrial pool of acetyl-CoA. 



Acetyl-CoA and other reactive thioesters not only act as allo- 
steric regulators of mitochondrial enzymes, but also serve as 
acyl donors for protein modifications (PTMs) such as lysine acet- 
ylation, succinylation, and palmitoylation via either enzymatic or 
nonenzymatic mechanisms (Choudhary et al., 201 4; Wagner and 
Payne, 2013). Lysine acetylation is a reversible PTM in which a 
two carbon acetyl group is covalently attached to the e-amino 
group of a lysine residue. Mass-spectrometry-based acetyl-pro- 
teomic analyses have led to the estimate that more than one- 
third of the mitochondrial proteome is acetylated on at least 
one lysine residue, apparently affecting nearly every major 
pathway of intermediary metabolism. Moreover, global acetyla- 
tion in liver and muscle increases in response to diet-induced 
obesity in mice. Although the functional relevance of these 
PTMs is largely undefined, a growing number of mitochondrial 
enzymes have been shown to be negatively regulated by lysine 
acetylation (Choudhary et al., 2014; Gao et al., 2014; Hirschey 
et al., 2010; Jing et al., 2011; Jing et al., 2013). Yet unclear is 
whether these PTMs represent bona fide signaling events and/ 
or a form of protein damage that comes as a cost of traveling 
the mitochondrial roadways during rush hour traffic. Either 
way, a substantive shift in the mitochondrial acylome might per- 
turb carbon and electron flow, leading to sluggish metabolic re- 
sponses to nutritional and/or hormonal stimuli. 

Metabolic Countermeasures and Mitochondrial Damage 
Control 

Considering that most routes connecting food consumption to 
ATP production travel through the mitochondria and because 
reactive lysine and cysteine residues of mitochondrial proteins 
are more vulnerable to nucleophilic attack due to the alkaline 
environment of the matrix (Ghanta et al., 2013; Mailloux et al., 
2013; Wagner and Payne, 2013), it is not surprising that this 
organelle has developed various countermeasures to buffer 
excess traffic and repair the damage caused by inadvertent 
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molecular collisions. For example, the redox circuits modulated 
by H 2 O 2 are buffered by the interdependent glutathione- and thi- 
oredoxin-reducing systems (Mailloux et al., 2013). Both use the 
reducing power of NADPH to mitigate oxidative stress and to 
modulate reversible oxidation/reduction of protein thiols/disul- 
fides. Additionally, oxidized glutathione molecules (GSSG) can 
form disulfide linkages with reactive cysteine residues within 
the redox-sensitive proteome (Mailloux et al., 201 3). This interac- 
tion produces a PTM known as S-glutathionylation (PSSG), 
which is thought to protect proteins from permanent oxidative 
damage. S-glutathionylation of mitochondrial proteins under 
normal conditions is cysteine thiol specific, reversible, sensitive 
to changes in redox environment, and enzyme driven (Mailloux 
et al., 2013). Thus, the S-glutathionylation cycle, catalyzed by a 
family of protein redoxins, acts as a redox rheostat that modu- 
lates the function of a large number of protein targets, including 
mitochondrial and antioxidant enzymes and several protein ki- 
nases and phosphatases (Mailloux et al., 2013). Relevant to 
this area of study, numerous reports show that circulating and/ 
or tissue levels of GSH decline in the context of obesity and 
metabolic disease (Anderson et al., 2009), suggesting dimin- 
ished redox buffering capacity. 

Another buffering system that plays a key role in energy ho- 
meostasis utilizes a family of mitochondrial carnitine acyltrans- 
ferase (CAT) enzymes that catalyze the exchange of acyl groups 
between CoA and L-carnitine (Ramsay and Zammit, 2004). Un- 
like their acyl-CoA precursors, acylcarnitine esters are readily 
transported across cellular membranes. Accordingly, this sys- 
tem permits shuttling of carbon fuels between compartments 
and thereby acts to offset nutrient-induced expansion of the 
mitochondrial pools of acetyl- and other reactive acyl-CoA moi- 
eties. With the advent and broadening applications of metabolo- 
mics technologies, acylcarnitine metabolites have emerged as 
strong biomarkers of nutrient stress, mitochondrial dysfunction, 
and metabolic disease (Koves et al., 2008; Muoio and Neufer, 
2012; Newgard, 2012; Noland et al., 2009). The most abundant 
acylcarnitine species, acetylcarnitine, is synthesized by carnitine 
acetyltransferase (CrAT), a member of the CAT family that local- 
izes to the mitochondrial matrix and strongly prefers acetyl- and 
other short-chain acyl-CoA end products of fatty acid, glucose, 
and amino acid catabolism (Muoio et al., 2012). Notably, mus- 
cle-specific ablation of crat in mice elevates tissue levels of 
acetyl-CoA, lowers PDH activity, increases acetylation of several 
mitochondrial proteins, and diminishes metabolic flexibility 
(Muoio et al., 2012). Conversely, dietary L-carnitine supplemen- 
tation promotes glucose tolerance and enhances metabolic flex- 
ibility in concert with increased circulating levels of the main 
CrAT product, acetylcarnitine (Muoio et al., 2012; Noland et al., 
2009). Likewise, muscle CrAT activity correlates positively with 
insulin sensitivity in rodents and humans (Lindeboom et al., 
2014). These studies establish an important link between acyl- 
carnitine efflux, mitochondrial acyl-CoA balance, and fuel selec- 
tion and strongly imply that mitochondrial carbon load directly 
impacts glucose tolerance and insulin action. 

Whereas the carnitine system relieves substrate push on mito- 
chondrial protein acylation, the sirtuin family of NAD'^-dependent 
deacylases performs damage control by removing acyl groups 
from lysine residues. Importantly, however, the sirtuins do not 



act on all acyl-lysine residues; thus, it appears that only a specific 
subset of these PTMs is reversible. SIRT3, SIRT4, and SIRT5 are 
found in the mitochondrial matrix. SIRT3 is the main mitochon- 
drial deacetylase and the best characterized of the mitochondrial 
sirtuins (Newman et al., 2012). SIRT5 has robust desuccinylase, 
demalonylase, and deglutarylase activities, whereas most sir- 
tuins (SIRT1-6) appear to also possess long-chain deacylation 
activity (Feldman et al., 2013). Interestingly, Sirt3 knockout 
mice have increased acetylation of several metabolic enzymes, 
including PDH and superoxide dismutase, which is accompa- 
nied by elevated acylcarnitines and increased mitochondrial 
ROS production (Hirschey et al., 2010; Jing et al., 2011; Jing 
et al., 2013). These animals are less metabolically flexible than 
their wild-type counterparts and also exhibit multiple features 
of the metabolic syndrome as they age. Because the lysine de- 
acylation reactions consume NAD'*', which is limiting for sirtuin 
activity, obesity-induced lowering of NAD'^ is thought to 
constrain the sirtuin system (Peek et al., 2013). Thus, the combi- 
nation of increased acetyl donors and reduced deacylating 
capacity might underlie the elevation in mitochondrial protein 
acetylation observed in response to chronic nutrient overload. 
These findings have fueled strong interest in the use of nicotin- 
amide riboside and other NAD'*' precursors as an antidiabetic 
strategy to boost sirtuin activity and restore metabolic function 
(Canto et al., 2012). 

Insulin Resistance Viewed as a Case of Mixed Signais 

Aberrant transitions between fuel types at both the cellular and 
systemic levels link to phenotypes associated with metabolic co- 
morbidities, including insulin resistance. An important question 
is whether insulin resistance causes metabolic inflexibility or 
vice versa. One view suggests that blunted glucose oxidation 
in response to a meal simply reflects a consequence of impaired 
insulin signaling. On the other hand, studies in rodents show that 
metabolic inflexibility occurs early in the course of glucose intol- 
erance, and obesity-induced perturbations in substrate switch- 
ing are evident in isolated mitochondria and tissue homogenates 
(Muoio et al., 2012; Noland et al., 2009). These findings suggest 
that derangements in fuel selection are at least partly indepen- 
dent of and might actually precede and contribute to insulin 
resistance. 

It is important to reiterate that the models developed by 
Randle and McGarry center on the concepts of reciprocation, 
cooperation, and communication between substrates. In a 
healthy state, crosstalk between metabolic pathways is medi- 
ated by robust, concise, and decisive changes in cellular levels 
of metabolites such as fatty acids, pyruvate, citrate, and 
malonyl-CoA, which in turn regulate incoming mitochondrial 
traffic (Figure 1). By contrast, chronic overnutrition leads to a 
state of metabolic confusion, wherein excessive carbon supply 
and heightened substrate competition give rise to a set of muted 
and/or conflicting signals. As a result, the gateways that control 
mitochondrial traffic are never fully open or shut, and the 
continuous influx of carbon fuel from multiple sources and direc- 
tions interferes with efficient substrate switching. Thus, meta- 
bolic inflexibility can be viewed as both a cause and indicator 
of mitochondrial congestion, which in turn influences insulin 
action. Transitions between highly insulin-sensitive and more 
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insulin-resistant states appear to operate on a continuum as a 
function of carbon and electron supply relative to ATP demand 
(Figure 3), such that a shift in the positive direction triggers a 
set of mitochondrial-derived stress signals that oppose cellular 
glucose uptake as an attempt to limit traffic volume. 

From an evolutionary perspective, it seems probable that 
more primitive and firmly hardwired intracellular nutrient-sensing 
networks of the cell override hormonal stimuli when the signals 
disagree. One example of this hierarchy comes from studies of 
exercise and muscle contraction. Although the systemic nutrient 
and hormonal environment of exercise mimics a starvation state 
on many levels, glucose flux into muscle during contraction pro- 
ceeds unimpeded. The energy charge of working muscles stim- 
ulates translocation of the resident glucose transporter, Glut4, 
from an intracellular compartment to the cell surface, thereby 
permitting glucose uptake. Whereas Glut4 functions as the clas- 
sical insulin-responsive glucose transporter, its translocation 
during exercise occurs via an insulin-independent pathway 
involving short-acting signals such as an elevated AMP/ATP 
ratio and consequent activation of AMPK (Jessen and Goodyear, 
2005). Similarly, numerous studies have shown that a single 
bout of vigorous exercise enhances insulin action for up to 
24 hr in muscles of obese rodents or humans (Thyfault, 2008). 
These observations underscore two important points. First, 
obesity does not cause insulin resistance. Instead, increased 
adiposity is merely a symptom of chronic (positive) energy imbal- 
ance, presumably the true culprit. Second, even brief episodes 
of increased energy expenditure and accelerated carbon com- 
bustion can reset the energy charge of the muscle and enhance 
insulin action. The precise molecular mechanisms underlying ex- 
ercise-mediated enhancement of insulin responsiveness have 
evaded scientists for decades. Interestingly, however, recent 
studies have established a strong positive association between 
exercise training and metabolic flexibility (Bergouignan et al., 
2013; Koves et al., 2013), suggesting that physical activity en- 
hances mitochondrial traffic control and that persistent substrate 
competition is a key component of insulin resistance. 

Also noteworthy is that a number of reports have found that 
glucose intolerance precedes overt defects in the canonical in- 
sulin signaling cascade leading to Akt/PKB (protein kinase B) 
phosphorylation (Muoio and Neufer, 2012; Muoio et al., 2012). 
Thus, intracellular cues dissuading glucose uptake appear to 
take precedence over Akt activation. This state might be partly 
attributable to lipid-induced accumulation of G6P and/or flux 
limitations at HK2, as proposed by Randle and others (Randle, 
1998; Wasserman et al., 2011), but likely involves additional 
feedback signals that further antagonize glucose disposal 
(Muoio and Neufer, 2012). In this scenario, the pancreatic (3 cells 
should compensate for diminished rates of peripheral glucose 
disposal by releasing more insulin, resulting in hyperinsulinemia. 
Over time, this compensatory response could lead to insulin- 
mediated insulin resistance whereby insulin itself is responsible 
for desensitizing the insulin receptor and its proximal targets 
(Copps and White, 2012). 

Additionally, heightened and persistent competition between 
oxidative substrates has the potential to impact several other 
extra-mitochondrial signaling molecules known or presumed to 
influence insulin action. For instance, diminished flux through 



PDH could result in re-routing of glycolytic intermediates toward 
gluconeogenesis in liver or the generation of lipid-signaling mol- 
ecules such as diacylglycerol and ceramide, all of which have 
been strongly implicated in insulin resistance (Muoio and New- 
gard, 2008). In general, excessive production of these lipid 
species has been attributed to fatty acid toxicity. Notably, how- 
ever, de novo synthesis of both molecules requires glucose- 
derived carbon intermediates— namely, glycerol-3-phosphate 
and serine, respectively. In other words, “it takes two to tango”; 
therefore, cellular synthesis of diacylglycerols and ceramides di- 
minishes when one of the two precursor fuels is fully committed 
to the mitochondria for the purpose of ATP production. 

As noted earlier, heighted substrate competition promotes 
ROS production. Mitochondrial-derived FI 2 O 2 can oxidize critical 
cysteine residues within the catalytic sites of several protein 
phosphatase enzymes that modulate insulin signaling in both di- 
rections, including the phosphoinositide phosphatase, PTEN, 
and several dual specificity protein tyrosine phosphatases. 
Thus, perturbations in the pattern of H 2 O 2 generation could 
lead to over activation and/or desensitization of the insulin 
signaling network. Along with alterations in protein function, 
major shifts in the redox proteome and/or other PTMs, including 
carbonylation, glutathionlylation, and lysine acylation, might 
disrupt protein turnover and/or folding (Frohnert and Bernlohr, 
2013; Gao et al., 2014; Mailloux et al., 2013). Perturbations in 
cellular proteostasis trigger the unfolded protein response 
(UPR) and endoplasmic reticulum stress, another candidate 
mediator of insulin resistance (Muoio and Newgard, 2008). More- 
over, emerging evidence suggests that hyperacylation of the 
mitochondrial proteome influences mitophagy, mitochondrial 
dynamics, and the mitochondrial UPR (Gao et al., 2014; Papa 
and Germain, 2014). Lastly, several of the foregoing PTMs 
have also been implicated in the regulation/dysregulation of 
various mitochondrial membrane organic acid carrier proteins 
and other metabolite transporters, including the citrate carrier, 
the adenine nucleotide translocase, and the carnitine acylcarni- 
tine translocase. Thus, these modifications have the potential to 
obstruct crosstalk between mitochondria and other cellular 
compartments, which could dampen meal-induced shifts in 
nutrient partitioning, glucose flux, and retrograde signaling. 

Strategies for Decongestion 

The idea that mitochondrial carbon overload and metabolic 
inflexibility lie at the core of insulin resistance implies that maneu- 
vers to prevent oxidative catabolism of at least one of the three 
major fuel sources might alleviate substrate competition and 
restore glucose control. This strategy has, in fact, proven bene- 
ficial in mouse models with genetically engineered inhibition of 
CPT-1 or other proximal steps in fatty acid oxidation (Koves 
et al., 2008; Li et al., 2014; Muoio and Neufer, 2012). Although 
fewer studies have targeted glucose oxidation, there is one 
report showing that cardiac-specific overexpression of PDK4 
caused marked suppression of heart PDFI activity and glucose 
oxidation but without the expected deleterious functional and 
metabolic consequences in response to an ischemia-reperfu- 
sion challenge (Chambers et al., 2011). Numerous provocative 
studies in animals and humans show that very low-carbohydrate 
(ketogenic) diets produce favorable metabolic outcomes when 
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compared to a traditional mixed macronutrient diet (Hu et al., 
201 2). Whereas these findings have sparked intense controversy 
over dietary recommendations for disease prevention, perhaps 
the salient observation is that a dietary regimen that effectively 
limits mitochondrial substrate competition produces marked 
improvements in metabolic control. Alternatively, several lines 
of evidence suggest that boosting or restoring the buffering 
capacities of the systems that mitigate mitochondrial carbon 
stress, including antioxidant defense, glutathione regeneration, 
carnitine-mediated acyl group buffering, and sirtuin-mediated 
protein deacylation, also improves whole-body energy homeo- 
stasis and glucose control in association with enhanced meta- 
bolic flexibility (Anderson et al., 2009; Canto et al., 2012; Muoio 
et al., 2012; Noland et al., 2009). 

Although blocking mitochondrial influx of carbons and/or 
building buffering capacity might alleviate the metabolic load 
on this particular organelle, these strategies do not address the 
fundamental problem of energy imbalance and the broader im- 
plications of nutrient surplus. Thus, approaches targeting the 
cause rather than the symptoms of nutrient overload should yield 
more desirable outcomes. Moving beyond the standard recom- 
mendation to “eat less and move more,” recent studies employ- 
ing unconventional behavior modification interventions have 
produced intriguing results, including intermittent fasting regi- 
mens in which rodents or human subjects fast for extended 
periods followed by ad libitum eating (Azevedo et al., 2013; Tre- 
panowski et al., 2011), as well as “exercise snacking” regimens 
in which individuals exercise vigorously for brief (~5 min) periods 
before consuming a standard-size meal (Francois et al., 2014). 
Interestingly, these routines were found to improve glucose ho- 
meostasis more than isoenergetic regimens comprised of tradi- 
tional feeding and exercise patterns. Likewise, interruption of 
prolonged sedentary behavior with repeated bouts of low-grade 
activities of daily living (e.g., post-meal strolling) has been shown 
to improve postprandial glucose handling in patients with type 2 
diabetes (van Dijk et al., 2013). These observations are consis- 
tent with the premise that periodic episodes of accelerated 
carbon combustion, in a manner resembling the lifestyle of our 
hunter/gatherer ancestors, facilitate rapid and efficient nutrient 
partitioning. 

Relevant to this discussion is the prominent connection be- 
tween caloric restriction, lifespan, and healthspan. In model 
organisms, lifelong caloric restriction increases longevity and 
delays age-related metabolic decline. Similar outcomes have 
been reported in nonhuman primates, and epidemiological 
studies have revealed a strong association between energy bal- 
ance and healthspan in humans (Trepanowski et al., 2011). The 
caloric restriction literature implies that ad libitum feeding is inev- 
itably damaging to metabolic health and that surplus fuel, 
beyond that required for optimal cellular function, accelerates 
biological decay. Energy balance is typically considered at a 
macro level over periods of days, weeks, or months, with body 
weight and adiposity targeted as the primary readouts. Alterna- 
tively, tracking of nutrient balance at the cellular level on a 
minute-by-minute or hourly basis might represent the more bio- 
logically relevant scale. In theory, each meal tips carbon balance 
of each individual cell in a positive direction. Whereas the 
incoming nutrients are ultimately destined for either biosynthetic 



or catabolic fates, slow or misregulated decisions on how to 
appropriate the extra energy (i.e., metabolic inflexibility) can 
result in collateral damage. This paradigm aligns with emerging 
evidence that larger, less frequent meals are more detrimental 
to nutrient sensing, retrograde signaling, and metabolic control 
than smaller, more frequent meals (Fuse et al., 2012; Trepanow- 
ski et al., 2011). 

Concluding Remarks 

In summary, this discussion speaks to the longstanding question 
of whether fuel selection matters to metabolic health. Histori- 
cally, this area of study has been divided into opposing view- 
points that argue for or against the idea that it is healthier to 
burn fat than glucose. In recent years, these two camps have 
found common ground in the concept of metabolic flexibility, 
which posits that cells function optimally when they retain their 
capacity to switch freely between oxidative substrates in 
response to nutritional and physiological cues. The foregoing 
network model of metabolic flexibility further suggests that, 
during conditions of inactivity and low ATP demand, mitochon- 
dria function best when acetyl-CoA is produced from one fuel 
at a time. Robust and decisive shifts in substrate choice are 
predicted to limit mitochondrial congestion and damaging 
molecular collisions while also producing strong and clearly 
interpretable metabolic signals that guide efficient nutrient parti- 
tioning to maintain energy homeostasis. This model provides an 
explanatory context for viewing the severe costs of excessive 
food consumption and the benefits of habitual physical activity 
and lifelong caloric restriction. 
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Macroautophagy (herein referred to as autophagy) is an evolutionarily conserved mechanism of 
adaptation to adverse microenvironmental conditions, including limited nutrient supplies. Several 
sensors interacting with the autophagic machinery have evolved to detect fluctuations in key meta- 
bolic parameters. The signal transduction cascades operating downstream of these sensors are 
highly interconnected to control a spatially and chronologically coordinated autophagic response 
that maintains the health and function of individual cells while preserving organismal homeostasis. 
Here, we discuss the physiological regulation of autophagy by metabolic circuitries, as well as 
alterations of such control in disease. 



Introduction 

Macroautophagy (hereafter referred to as autophagy) involves 
the sequestration of cytoplasmic components (which can be 
entire organelles, lipid vesicles, or protein aggregates) within a 
double-membraned vesicle, the so-called autophagosome. Au- 
tophagosomes fuse with lysosomes to generate autolysosomes, 
in which the autophagic cargo is degraded by acidic hydrolases. 
Autophagy relies on a machinery that operates in a tightly 
coordinated fashion and includes: (1) a multiprotein complex 
organized around unc-51-like autophagy activating kinase 1 
(ULK1), RBI -inducible coiled-coil 1 (RB1CC1, best known 
as FIP200), autophagy-related 13 (ATG13), and ATG101, which 
triggers autophagy when the mechanistic target of rapamycin 
(MTOR) complex 1 (mTORCI) is inhibited; (2) a second multipro- 
tein complex involving (among several interactors) phosphatidy- 
linositol 3-kinase, catalytic subunit type 3 (PIK3C3, best known 
as vacuolar protein sorting 34, VPS34), Beclin 1 (BECN1), and 
autophagy/beclin-1 regulator 1 (AMBRA1), which favors the 
nucleation of autophagosome precursors (so-called isolation 
membranes or phagophores) when inhibitory signals from antia- 
poptotic members of the Bcl-2 protein family are blocked; (3) two 
transmembrane proteins, ATG9 and vacuole membrane protein 
1 (VMP1), which recycle between the Golgi apparatus, endo- 
somes, and autophagosomes, probably facilitating the recruit- 
ment of lipids to isolation membranes; (4) two ubiquitin-like 
(UBL) protein conjugation systems, which cooperate to catalyze 
the covalent attachment of ATG12 to ATG5 and ATG1 6-like 1 
(ATG16L1) and that of phosphatidylethanolamine to microtu- 
bule-associated protein 1 light chain 3 (MAPI LC3, best known 



as LC3); (5) several soluble NSF attachment protein receptor 
(SNARE)-like proteins, which promote the fusion between auto- 
phagosomes and lysosomes; and (6) various lysosomal enzymes 
that hydrolyze complex carbohydrates, proteins, lipids, and nu- 
cleic acids at low pH (for review, see Mizushima [2007]). 

The primary, phylogenetically conserved role of autophagy is 
presumably to maintain cellular homeostasis in conditions of 
dwindling nutrient supplies and other metabolic perturbations 
(e.g., hypoxia). This is achieved through the rapid mobilization 
of endogenous reserves, aimed at retrieving fuel for ATP synthe- 
sis as well as building blocks for essential anabolic reactions 
(Singh and Cuervo, 2011), coupled to a global rewiring of intra- 
cellular metabolism (Figure 1). Autophagy-deficient eukaryotic 
cells are more sensitive to nutrient deprivation than their wild- 
type counterparts (Kroemer et al., 201 0), and established tumors 
may be addicted to autophagy as a means to cope with adverse 
microenvironmental conditions (Guo et al., 2013a). Moreover, 
mice with genetic defects in essential components of the 
autophagic machinery die shortly after birth partly because 
they fail to mobilize sufficient reserves to survive the period of 
starvation between placental metabolism and breast feeding 
(Kuma et al., 2004). 

Autophagy can be relatively nonselective, targeting to lyso- 
somal degradation virtually any portion of the cytoplasm, or it 
may dispose of specific subcellular compartments in a highly se- 
lective manner (Mizushima and Komatsu, 201 1 ). Generally, auto- 
phagic responses triggered by nutrient deprivation (which mainly 
serve bioenergetic/metabolic functions) are of the former type, 
although elongated mitochondria are selectively spared from 
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Figure 1. Cell-wide Metabolic Rewiring Associated with the 
Activation of Autophagy 

In response to several perturbations of homeostasis, including declining levels 
of nutrients, cells mount an adaptive response organized around the auto- 
phagy-dependent mobilization of intracellular reserves. This response is 
biphasic, as it involves rapid posttranslational modifications as well as a 
transcriptional and translational reprogramming that has delayed conse- 
quences. Moreover, it is accompanied by a cell-wide rewiring of multiple 
metabolic circuitries, including both catabolic and anabolic pathways, which 
sustains cell survival and ensures basic cellular functions in conditions of 
stress. AMPK, 5' AMP-activated protein kinase; elF2a, eukaryotic translation 
initiation factor 2a; mTORCI , mechanistic target of rapamycin complex 1 . 



degradation in this context. Conversely, organellar damage or 
intracellular pathogens trigger highly selective forms of auto- 
phagy (Mizushima and Komatsu, 2011). Of note, autophagy 
can also actively participate in both programmed and stress- 
induced instances of cell death (Galluzzi et al., 2014), but this 
aspect will not be discussed further here. 

Autophagy is crucial not only for adaptive responses to stress, 
but also for the maintenance of cellular homeostasis in physio- 
logical settings, at least in part because it mediates the removal 
of potentially dangerous constituents such as protein aggre- 
gates and dysfunctional mitochondria (Green et al., 2011). In 
line with this notion, the activation of autophagy at the whole- 
body level extends the lifespan of various model organisms, 
including mice (Rubinsztein et al., 2011). Moreover, defects in 
the autophagic machinery have been associated with numerous 
diseases, including aging-associated pathologies, neurodegen- 
eration, cancer, cardiovascular disorders, and infectious/inflam- 
matory conditions, as well as metabolic problems (Table SI 
available online) (Choi et al., 2013). Thus, autophagy-incompe- 
tent mice develop both genetically and chemically driven neo- 
plasms at a higher incidence than their autophagy-competent 
counterparts (Guo et al., 2013a). Various experimental models 



of obesity and insulin resistance are also characterized by de- 
fects in hepatic autophagy that can be efficiently targeted to pre- 
vent steatosis/steatohepatitis and improve insulin sensitivity 
(Yang et al., 2010). This is not surprising, given the central posi- 
tion occupied by the liver in the regulation of organismal meta- 
bolism and the role of autophagy in the rewiring of intracellular 
metabolic circuitries. 

Here, we will discuss the intimate crosstalk between meta- 
bolism and autophagy, placing special emphasis on the mecha- 
nisms through which nutrients and metabolic byproducts induce 
or suppress autophagy at the single-cell and whole-body level, 
and we will explore how the metabolic regulation of autophagy 
influences organismal fitness in health and disease. 

Metabolic Triggers of Autophagy 

In isolated cells, autophagy is generally induced by limitations in 
ATP availability or a lack of essential nutrients, including glucose 
and amino acids, yet it can also be stimulated by the accumula- 
tion of specific metabolites or metabolic byproducts, such as 
fatty acids and ammonia (Figure 2). 

Reduced Energy Charge 

The metabolic status of a cell can be represented by the “energy 
charge” of the adenylate system (a function of intracellular ATP, 
ADP, and AMP concentrations), which is calculated according to 
the formula ([ATP] -h 1/2 [ADP])/([ATP] -h [ADP] -h [AMP]) (Atkinson 
and Walton, 1 967). When ATP is not actively synthesized though 
glycolysis or oxidative phosphorylation, the energy charge 
decreases in parallel with the accumulation of AMP, a condition 
that stimulates autophagy through protein kinase, AMP-acti- 
vated (PRKA, best known as 5' AMP-activated protein kinase, 
AMPK) (Hardie et al., 2012). Because AMPK utilizes ATP as a 
donor of phosphate groups and because several steps in the au- 
tophagic cascade consume energy, a minimum amount of ATP 
is required for the induction of autophagy. Thus, a rapid reduc- 
tion of the energy charge below a critical limit is likely to trigger 
cell death rather than an adaptive autophagic response (Galluzzi 
et al., 2014). In cells that mostly rely on glycolysis, withdrawing 
glucose promotes autophagy as a result of AMP accumulation 
and the consequent activation of AMPK (Hardie et al., 2012). 
However, the inhibition of hexokinase 2 (HK2, the enzyme that 
catalyzes the first, rate-limiting step of glycolysis) with 2-deoxy- 
glucose does not have the same effect because HK2 directly 
promotes autophagy by physically interacting and hence inhibit- 
ing mTORCI (Roberts et al., 2014). Similarly, rotenone, a widely 
employed inhibitor of the respiratory chain, inhibits mitochon- 
drial ATP synthesis but paradoxically inhibits autophagic flux 
(Mader et al., 2012). Thus, using toxins may not be an appro- 
priate approach to probe complex circuitries such as those 
linking metabolism and autophagy. Of note, starvation, as well 
as hypoxia, are generally associated with increased amounts 
of reactive oxygen species (ROS). ROS promote autophagy by 
several mechanisms, including: (1) the hypoxia-inducible factor 
1 (HIF-l)-dependent transactivation of BCL2/adenovirus E1B 
19 kDa interacting protein 3 (BNIP3) and BNIP3-like (BNIP3L), 
encoding two Bcl-2 family members that potently stimulate the 
autophagic removal of dysfunctional mitochondria (mitophagy); 
(2) the ataxia-telangiectasia mutated (ATM)-dependent activa- 
tion of tuberous sclerosis 2 (TSC2), a major suppressor of 
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Figure 2. Metabolic Regulation of Auto- 
phagy at the Single-Cell Level 

Several changes in the availability of nutrients in 
extracellular fluids trigger autophagy (directly or 
indirectly), including drops in the levels of glucose, 
amino acids, acetyl-CoA, and iron and decreases 
in the relative abundance reduced versus oxidized 
NAD, as well as the accumulation of specific lipids 
and ammonia (NH4, a product of amino acid 
catabolism). Many of these metabolic cues stim- 
ulate autophagy because they inhibit mechanistic 
target of rapamycin complex 1 (mTORCI) or 
various acetyltransferases or because they acti- 
vate 5' AMP-activated protein kinase (AMPK), 
deacetylases of the sirtuin family, or eukaryotic 
translation initiation factor 2a (elF2a) kinases. In 
addition, the accumulation of lipids may directly 
favor the formation of autophagosomes in a 
patatin-like phospholipase-domain-containing 
5 (PNPLA5)-dependent fashion, whereas the 
depletion of iron has autophagy-stimulating effects upon the recognition of ferritin heavy and light chains by the autophagic adaptor nuclear receptor coactivator 
4 (NCOA4). Both mTORCI and AMPK regulate autophagy by controlling the activity of essential components of the autophagic machinery, such as unc-51 like 
autophagy activating kinase 1 (ULK1) or Beclin 1 (BECN1). Moreover, they are both involved in mutually regulatory interactions as well as in functional interactions 
with other nutrient sensors, such as sirtuins. ATF4, activating transcription factor 4; ATG, autophagy-related; F0X01, forkhead box 01; NAMPT, nicotinamide 
phosphoribosyltransferase; RPTOR, regulatory-associated protein of MTOR, complex 1; TFEB, transcription factor EB; TSC2, tuberous sclerosis 2; VPS34, 
vacuolar protein sorting 34. 




mTORCI signaling; and (3) the oxidation-dependent activation 
of the essential autophagic protein ATG4 (Scherz-Shouval and 
Elazar, 2011). In summary, glucose deprivation and the conse- 
quent alterations in energy charge and ROS levels are potent 
activators of autophagy. 

Reduced NADH/NAD* Ratio 

In either its oxidized (NAD"^) or reduced (NADH) form, NAD is an 
essential substrate for multiple metabolic circuitries, including 
(but not limited to) glycolysis, the Krebs cycle, and oxidative 
phosphorylation. The exposure of cells to nutrient-free condi- 
tions causes the accumulation of NAD^ at the expense of 
NADH, promoting autophagy upon activation of histone deace- 
tylases of the sirtuin family (Houtkooper et al., 201 2). Conversely, 
the intracellular levels of both NAD"^ and NADH fall upon the acti- 
vation of NAD"^-dependent enzymes such as poly(ADP-ribose) 
polymerase 1 (PARP1) (Gibson and Kraus, 2012). Inhibition of 
these enzymes (which preserves the endogenous levels of 
NAD) as well as the artificial supply of NAD precursors (e.g., nico- 
tinamide, nicotinamide riboside) potently triggers autophagy 
upon the activation of sirtuins, whose enzymatic activity critically 
relies on NAD'^ (Houtkooper et al., 2012). Thus, not only the rela- 
tive abundance of NADH and NAD^, but also the total availability 
of NAD has profound autophagy-modulatory effects. 

Depletion of Cytosolic Acetyl-CoA 

The exposure of mammalian cells to nutrient-free conditions for 
several hours or the overnight starvation of mice causes a signif- 
icant decrease in the cytosolic levels of acetyl-CoA, which corre- 
lates with the induction of autophagy (Marino et al., 2014). A 
similar effect is observed with several pharmacological or ge- 
netic interventions that inhibit (directly or by limiting substrate 
availability) the synthesis of acetyl-CoA within mitochondria or 
in the cytosol (Eisenberg et al., 2014; Marino et al., 2014). The 
depletion of cytosolic acetyl-CoA stores potently stimulates 
autophagy, presumably because acetyl-CoA is the sole donor 
of acetyl groups for acetyl transferases, some of which regulate 
the activity of various components of the autophagic machinery 



at the posttranslational level (Marino et al., 201 4) or their synthe- 
sis (by acetylating histones) (Lee et al., 2014). Conversely, when 
intracellular acetyl-CoA levels are replenished artificially, starva- 
tion-induced autophagy is inhibited both in vitro in cultured cells 
and in vivo in mice (Marino et al., 2014). Of note, the constitutive 
activation of v-akt murine thymoma viral oncogene homolog 1 
(AKT1, also known as PKB), which can be triggered by onco- 
genic alterations such as activating mutations in Kirsten rat sar- 
coma viral oncogene homolog (KRAS), promotes acetyl-CoA 
synthesis upon the phosphorylation-dependent activation of 
ATP citrate lyase (ACLY) (Lee et al., 2014). The consequent 
inhibition of autophagy may contribute, at least in part, to the 
oncogenic effects of AKT1 hyperactivation. 

Depletion of Amino Acids 

Limitations in the availability of nonessential amino acids can 
trigger autophagy through at least four distinct, nonmutually 
exclusive mechanisms. First, a drop in the intracellular abun- 
dance of amino acid results in the accumulation of uncharged 
tRNA species. This activates eukaryotic translation initiation 
factor 2a kinase 4 (EIF2AK4, best known as GCN2), which blocks 
protein synthesis and triggers autophagy via activating tran- 
scription factor 4 (ATF4) (Ye et al., 2010). Second, the absence 
of amino acids in the lysosomal lumen turns off an “inside- 
outside” mechanism that promotes the recruitment of mTORCI 
at the lysosomal surface and its activation (Zoncu et al., 2011). 
Third, the lack of various amino acids— in particular, leucine, 
glutamate, and glutamine— negatively affects intracellular 
acetyl-CoA stores (Marino et al., 2014), reflecting the ability of 
these amino acids to efficiently feed into the Krebs cycle to 
generate acetyl-CoA. Fourth, the depletion of the key metabolic 
intermediate a-ketoglutarate caused by dwindling amino acid 
levels promotes autophagy along with the inhibition of proline hy- 
droxylases (but not the stabilization of HIF-1) (Duran et al., 2013), 
reflecting the role of a-ketoglutarate as an obligate donor of hy- 
droxyl groups for this class of enzymes. Proteasome inhibitors 
can also cause a drop in the intracellular availability of amino 
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acids and hence trigger autophagy. Although the relative weight 
of each of these pathways has not yet been determined, it 
appears plausible that all of these mechanisms contribute to 
the orchestration of optimal autophagic responses upon amino 
acid shortage. 

Depletion of Iron 

Iron is an obligate cofactor for several enzymes that catalyze 
redox reactions, including components of the mitochondrial res- 
piratory chain. A fraction of cytoplasmic iron is stored within 
large ferritin oligomers, which can be rapidly degraded by the 
autophagic machinery to serve cellular needs. Drops in the 
intracellular availability of free iron (which can be mimicked by 
the administration of pharmacological chelators) activate an 
autophagic response that has been termed “ferritinophagy.” 
This appears to require nuclear receptor coactivator 4 
(NCOA4), which operates as an autophagic receptor for the 
recognition and engulfment of ferritin light and heavy chains 
by LC3-containing autophagosomes (Mancias et al., 2014). 
This example illustrates how autophagy can help cells to palliate 
a selective micronutrient deficiency. It will be important to 
explore whether similar mechanisms exist for specifically mobi- 
lizing other nutrients. 

Increased Ammonia Levels 

Ammonia is one of the main byproducts of the catabolism of 
amino acids and a potent inducer of autophagy (Eng et al., 
2010). However, in contrast to the autophagic response to 
decreased amino acid availability, ammonia-induced autophagy 
does not rely on ULK1/ULK2 activation (Cheong et al., 2011) or 
mTORCI inhibition (Harder et al., 2014). Rather, it seems that 
ammonia triggers autophagy by activating AMPK and favoring 
the endoplasmic reticulum (ER) stress response (Harder et al., 
2014). Of note, neoplastic tissues produce high levels of 
ammonia as a result of an intense flux through glutaminolysis 
(Galluzzi et al., 2013). At least in part, this may contribute to the 
upregulation of the autophagic flux observed in some estab- 
lished neoplasms (Guo et al., 2013a). 

Lipids 

Both saturated and unsaturated fatty acids, such as palmitate 
and oleate, respectively, can stimulate autophagy, albeit through 
distinct mechanisms. Palmitate-induced, but not oleate- 
induced, autophagy requires EIF2AK2 (best known as PKR) 
and mitogen-activated protein kinase 8 (MAPK8, best known 
as JNK1) (Shen et al., 2012). Stearoyl-CoA desaturase, which 
converts saturated lipids into their monounsaturated counter- 
parts, is required for starvation-induced autophagy, and the 
external supplementation of oleate con overcome the autopha- 
gic defect induced by stearoyl-CoA desaturase inhibitors (Oga- 
sawara et al., 201 4). Possibly, this results from the need for lipids 
in the generation of autophagosomes, a process that may rely on 
the neutral lipase patatin-like phospholipase-domain-containing 
5 (PNPI_A5) (Dupont et al., 2014). Enterocytes transiently store 
dietary lipids in triglyceride-containing droplets that localize at 
the ER. Such droplets trigger an immediate autophagic response 
that results in their capture by nascent autophagosomes and 
their delivery to lysosomes for degradation (Khaldoun et al., 
2014). Hence, lipids can induce autophagy despite being nutri- 
ents, and this may constitute an important mechanism to avoid 
lipotoxicity at the cell-autonomous level. 



Metabolic Sensors that Initiate Autophagy 
AMPK 

AMPK, one of the key energy sensors of the cell, is a heterotrimer 
composed of a catalytic a subunit, a scaffolding p subunit, and a 
regulatory y subunit, all of which are expressed in multiple vari- 
ants by mammals (al , a2, pi , p2, y1 , y2, and y3). The binding of 
two molecules of AMP (or ADP, with lower affinity) to the y sub- 
unit inhibits the inactivating dephosphorylation of the a subunit at 
T172 (Hardie et al., 2012). Hence, decreases in cellular energy 
charge boost the kinase activity of AMPK. The phosphorylation 
of AMPK a subunit atT172 can be catalyzed by calcium/calmod- 
ulin-dependent protein kinase kinase 2, p (CAMKK2) and serine/ 
threonine kinase 11 (STK11, best known as liver kinase B1, 
LKB1), or stimulated (probably via an indirect mechanism) 
by mitogen-activated protein kinase kinase kinase 7 (MAP3K7, 
best known as TAK1) (Hardie et al., 2012). 

TAK1 is required for the starvation-induced phosphorylation 
of AMPK and consequent autophagic response in cancer cells 
in vitro (Criollo et al., 2011), as well as in hepatocytes in vivo 
(Inokuchi-Shimizu et al., 2014). TAK1 activation is linked to two 
additional phenomena that may stimulate autophagy, namely: 
(1) the displacement of TAK1 -binding protein 2 (TAB2) and 
TAB3, two TAK1 coactivators, from their autophagy-inhibitory 
interaction with BECN1 (Criollo et al., 201 1 ), and (2) the activation 
of the IkB kinase (IKK) complex, which stimulates autophagy by 
phosphorylating the regulatory subunit of phosphoinositide- 
3-kinase (PI3K), thereby reducing its localization to cell mem- 
branes and enzymatic activity (Comb et al., 2012). Indeed, IKK 
is required for an optimal autophagic response to starvation 
in vitro (Comb et al., 2012; Criollo et al., 2011), and the ablation 
of the gene coding for the IKK-subunit-conserved helix-loop-he- 
lix ubiquitous kinase (CHUK, best known as IKKa), limits auto- 
phagy in pancreatic acinar cells in vivo (Li et al., 2013). Under 
some circumstances, AMPK can activate TAK1 (Lanna et al., 
2014), suggesting that these kinases may engage in a mutually 
stimulatory amplification cascade. AMPK can also be activated 
allosterically by pharmacological agents, perhaps reflecting the 
existence of a hitherto unidentified (and perhaps crucial) endog- 
enous metabolite that regulates its enzymatic activity. Among 
other compounds, this applies to salicylate, a phenolic phyto- 
hormone with analgesic, antipyretic, anti-inflammatory, and 
perhaps anticancer activity (Hawley et al., 2012). Still, it remains 
unclear whether the activation of AMPK is relevant to the broad 
pharmacological effects of aspirin, the pro-drug of salicylate. 

AMPK is a master regulator of metabolism, and it stimulates 
autophagy by multiple mechanisms. Beyond inhibiting mTORCI 
(see below), AMPK phosphorylates and activates ULK1 (Kim 
et al., 2011), as well as various components of the BECN1/ 
VPS34 complex. In particular, upon glucose deprivation, 
AMPK phosphorylates BECN1 on S93 and S96, which augments 
the class III PI3K activity of VPS34, as well as VPS34 itself (on 
T163 and SI 65), which inhibits its nonautophagic functions in 
endosome-to-Golgi retrograde trafficking (Kim et al., 2013). 
mTORCI 

mTORCI is composed of: (1) MTOR; (2) two mTORCI -specific 
proteins— namely, regulatory-associated protein of MTOR, 
complex 1 (RPTOR) and AKT1 substrate 1 (AKT1 SI , best known 
as PRAS40); and (3) several proteins that are shared with another 



1266 Cell 159 , December 4, 2014 ©2014 Elsevier Inc. 




Cell 



MTOR-containing complex (mTORC2), i.e., DEP-domain-con- 
taining MTOR-interacting protein (DEPTOR) and MTOR-associ- 
ated protein, LST8 homolog (MLST8). In response to growth 
factors, mTORCI phosphorylates eukaryotic translation initia- 
tion factor 4E binding protein 1 (EIF4EBP1, best known as 4- 
EBP1) and ribosomal protein S6 kinase (RPS6K, best known 
as p70^®^), ultimately promoting protein synthesis (Shimobaya- 
shi and Hall, 2014). Activated mTORCI suppresses autophagy 
by phosphorylating and inhibiting ULK1 (Kim et al., 2011), 
AMBRA1 and ATG14 (two autophagy-stimulatory interactors of 
BECN1) (Nazio et al., 2013; Yuan et al., 2013), and transcription 
factor EB (TFEB, see below) (Settembre et al., 2013). Of note, 
AMPK can inhibit mTORCI (and hence promote autophagy) 
indirectly by phosphorylating and activating tuberous sclerosis 
2 (a negative regulator of mTORCI), as well as directly by phos- 
phorylating RPTOR (Hardie et al., 2012). 

The availability of amino acids positively regulates mTORCI 
(and hence suppresses autophagy) via multiple pathways. For 
instance, amino acids activate mTORCI on the lysosomal 
membrane from within the lumen of the organelle, a process 
that involves vacuolar ATPases, a Ras-related GTP binding 
(RRAG)-containing complex that has been termed “Regulator,” 
and the mTORCI activator Ras homolog enriched in brain 
(RHEB) (Sancak et al., 2010). Artificial increases in the levels of 
a-ketoglutarate, which can be achieved by the provision of gluta- 
mine (via glutaminolysis) or several cell-permeant precursors 
(i.e., dimethyl-a-ketoglutarate, trifluoromethylbenzyl-a-ketoglu- 
tarate, 5-ethyltrifluoromethylbenzyl-a-ketoglutarate), potently 
activate mTORCI in cells depleted of amino acids (Marino 
et al., 2014), at least in part through such a lysosomal RHEB- 
dependent pathway (Duran et al., 2012). Conversely, another 
a-ketoglutarate precursor (i.e., 1 -octyl-a-ketoglutarate) appears 
to inhibit mTORCI , activate autophagy, and mediate lifespan- 
extending effects (Chin et al., 2014). The authors of this report 
ascribe their findings to the ability of a-ketoglutarate to inhibit 
mitochondrial ATP synthesis at the level of the FiFo-ATPase. 
Of note, leucine may also activate mTORCI through the lyso- 
somal RRAG-RHEB system. Indeed, leucine has been shown 
to stimulate glutaminolysis by allosterically activating glutamate 
dehydrogenase and to activate RRAG in the form of leucyl-tRNA 
synthetase (Han et al., 2012). Recently, the lysosomal RRAG- 
RHEB system has been suggested to contribute to the activation 
of mTORCI by glucose (Efeyan et al., 2013), suggesting that 
AMPK may not constitute the sole sensor of glucose deprivation. 

It is important to note that mTORCI not only represses auto- 
phagy and lysosomal biogenesis, but also operates as a general 
regulator of anabolic reactions (Shimobayashi and Hall, 2014). 
Thus, similar to AMPK, mTORCI controls several metabolic cir- 
cuitries outside of the autophagic cascade, implying that chem- 
ical mTORCI inhibitors such as rapamycin (which is approved 
for use in humans as an immunosuppressant to prevent the 
rejection of solid transplants) and other compounds commonly 
referred to as “rapalogs” have broad metabolic consequences 
that are not limited to the induction of autophagy. Moreover, 
mTORCI inhibitors lose their capacity to trigger autophagy 
when the downstream signaling pathways are affected by onco- 
genic autophagy-suppressing alterations, such as the phos- 
phorylation of BECN1 on S234 and S295 (which is catalyzed 



by AKT1) (Wang et al., 2012) or on Y229, Y233, and Y352, which 
is catalyzed by the epidermal growth factor receptor (EGFR) (Wei 
et al., 2013). This should be taken into consideration when 
mTORCI inhibitors are employed to stimulate autophagy in can- 
cer cells exhibiting PI3K hyperactivation or bearing activating 
mutations in EGFR. 
e!F2a Kinases 

The phosphorylation of eukaryotic translation initiation factor 2a 
(EIF2A, best known as elF2a) on S51 is a cardinal feature of the 
so-called “integrated stress response,” which allows cells to 
interrupt protein synthesis in response to the accumulation of 
unfolded proteins in the ER and attempt to restore homeostasis 
along with the activation of autophagy (Kroemer et al., 2010). 
The mammalian genome codes for at least four kinases that 
phosphorylate elF2a— namely, EIF2AK1 (best known as HRI), 
EIF2AK2 (best known as PKR), EIF2AK3 (best known as 
PERK), and EIF2AK4 (best known as GCN2) (Silvera et al., 
201 0). These kinases are activated by a variety of stimuli. Limited 
heme availability or heavy metals like cadmium activate HRI. 
Double-stranded RNA or high doses of palmitate stimulate 
PKR. The accumulation of unfolded proteins in the ER activates 
PERK. Finally, the accumulation of uncharged tRNAs boosts 
the activity of GCN2 (Silvera et al., 2010). Of note, the response 
of cells expressing a nonphosphorylatable mutant of elF2a 
(EIF2A^^^'^) to several autophagy-inducing conditions is largely 
defective (Talloczy et al., 2002). This may indicate that the effi- 
cient induction of autophagy by various stimuli requires the 
transactivation of multiple genes that are controlled by ATF4, 
which operates downstream of elF2a (B’chir et al., 2013). 
Thus, it appears that the integrated stress response is closely 
tied to the regulation of autophagy. 

Sirtuins 

Sirtuins constitute a family of NAD'^-dependent class III histone 
deacetylases that catalyze the deacetylation of protein sub- 
strates coupled to the generation of nicotinamide and 2'-0- 
acetyl-ADP-ribose (Houtkooper et al., 2012). The best-studied 
of these enzymes, sirtuin 1 (SIRT1), is mainly located in the nu- 
cleus, where it deacetylates various histones (e.g., HI, H3, and 
H4) and other proteins, including transcription factors such as 
p53, NF-kB, forkhead box 01 (FOX01), FOX03, and peroxisome 
prol iterator-activated receptor y, coactivator la (PPARGC1A) 
(Houtkooper et al., 2012). Activation of SIRT1 with the natural 
polyphenol resveratrol promotes autophagy and extends the 
lifespan of several organisms (Lagouge et al., 2006). Moreover, 
overexpression of a SIRT1 mutant that exclusively localizes to 
the cytoplasm induces robust autophagic responses (Morselli 
et al., 2011), indicating that SIRT1 can trigger autophagy 
independently of its transcriptional functions. The cytoplasmic 
effectors of SI RT1 -driven autophagy remain to be precisely iden- 
tified, although one single report points to a direct involvement of 
ATG5, ATG7, ATG12 and LC3 (Lee et al., 2008). 

Besides responding to increasing NAD^ concentrations (see 
above), the enzymatic activity of SIRT1 changes as a function 
of its own expression levels. Although high-fat diet and obesity 
downregulate SIRT1 in several organs, both in mice and in hu- 
mans, caloric restriction promotes SIRT1 expression in multiple 
mouse tissues (Chalkiadaki and Guarente, 2012). Because the 
ability of caloric restriction to increase lifespan is preserved in 
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Sir1^^~ (but lost in Sir1~^~) mice (Mercken et al., 2014), such an 
upregulation may not be involved in the lifespan-extending ef- 
fects of interventions that activate SIRT1. However, results ob- 
tained with Sir1~^~ mice must be taken with caution because 
these animals are not born at Mendelian ratios and often exhibit 
developmental defects (Cheng et al., 2003). Of note, AMPK may 
activate SIRT 1 by promoting the F0X01 -dependent transactiva- 
tion of the gene encoding nicotinamide phosphoribosyltransfer- 
ase (NAMPT), an enzyme involved in the production of NAD"^ 
(Canto et al., 2009). Thus, at least under some circumstances, 
SIRT1 contributes to the proautophagic activity of AMPK. 
Acetyltransf erases 

Reductions in the intracellular pool of acetyl-CoA entail a net 
decrease in global protein acetylation, both in the cytoplasm 
(Marino et al., 2014) and in the nucleus (Eisenberg et al., 2014). 
Thus, the activity of several acetyltransferases may vary as a 
function of the availability of acetyl-CoA, the sole donor of acetyl 
groups for the reactions that they catalyze. One acetyltransfer- 
ase that plays a critical role in the regulation of autophagy 
is ElA-binding protein p300 (EP300) (Marino et al., 2014). In 
cell-free systems, the activity of EP300 responds to shifts in 
the intracellular abundance of acetyl-CoA observed during the 
physiological transition from a fed to an unfed state. Moreover, 
the genetic or pharmacological inhibition of EP300 promotes 
autophagy even in conditions in which acetyl-CoA is artificially 
maintained at high levels (Marino et al., 2014). EP300 reportedly 
acetylates and inhibits several proteins of the core autophagic 
machinery such as ATG5, ATG7, ATG12, and LC3 (Lee and Fin- 
kel, 2009). However, it is likely that other acetyltransferases, 
including members of the inhibitor of growth (ING) family, 
participate in the regulation of autophagy via nuclear and cyto- 
plasmic pathways (Marino et al., 2014). In yeast, which lacks a 
bona fide EP300 ortholog, several histone acetyltransferases 
have been implicated in the transcriptional control of autophagy 
(Eisenberg et al., 2009). Moreover, at least in yeast, a specific 
combination of deacetylation- and acetylation-mimicking muta- 
tions in histone-coding genes can cause the constitutive overex- 
pression of core components of the autophagic machinery, 
resulting in increased autophagic flux and lifespan extension 
(Eisenberg et al., 2014). 

Distinct acetyltransferases are organized in a hierarchical 
manner so that the inhibition of one can be coupled to the acti- 
vation of another. For example, EP300 acts as a negative regu- 
lator of a tubulin acetyltransferase 1 (ATAT1, also known as 
MEC17), which itself is a substrate of, and can be activated by, 
AMPK. The activity of EP300 is also negatively regulated by 
AMPK-dependent phosphorylation on S89 (Yang et al., 2001). 
Thus, in conditions of EP300 inhibition and AMPK activation 
(which are intimately linked), MEC1 7 promotes the hyperacetyla- 
tion of a-tubulin, which has autophagy-stimulatory effects 
(Mackeh et al., 201 4). In summary, both deacetylation and hyper- 
acetylation events contribute to autophagy, and it would be an 
oversimplification to state that all acetyltransferases contribute 
to the repression of autophagy. 

Transcription Factors 

The so-called “coordinated lysosomal expression and regula- 
tion” (CLEAR) gene network, an ensemble of genes expressed 
in a synchronized manner in response to perturbations of lyso- 



somal activity (most of which are relevant for autophagy), is acti- 
vated by transcription factors, including TFEB and its homolog 
transcription factor E3 (TFE3) (Settembre et al., 2013). TFEB is 
recruited to lysosomal membranes by the Regulator, allowing 
for its phosphorylation at SI 42 and S211. Phosphorylated 
TFEB is sequestered by chaperones of the 14-3-3 family, which 
actively prevent its translocation to the nucleus. Accordingly, the 
substitution of TFEB SI 42 and S21 1 with alanine residues results 
in its constitutive translocation to the nucleus. TFEB can also be 
phosphorylated on SI 42 by mitogen-activated protein kinase 1 
(MAPK1, best known as ERK2), which indeed exerts auto- 
phagy-inhibitory functions (Settembre et al., 2013). The identity 
of the phosphatase that dephosphorylates TFEB at these resi- 
dues remains to be elucidated. 

Importantly, TFEB regulates its own transcription, implying the 
existence of a self-amplificatory signaling loop that perpetuates 
the autophagic response. How such a loop is turned off remains 
elusive. Another transcription factor, zinc finger with KRAB and 
SCAN domains 3 (ZKSCAN3), functionally antagonizes TFEB. 
Thus, in response to starvation or mTORCI inhibition, ZKSCAN3 
translocates from the nucleus to the cytoplasm, and the knock- 
down of ZKSCAN3 suffices to facilitate the induction of auto- 
phagy. Indeed, ZKSCAN3 represses the transcription of more 
than 60 TFEB target genes involved in autophagy and lysosomal 
functions (Settembre et al., 2013). Whether these transcription 
factors truly detect metabolic perturbations or whether they sim- 
ply execute autophagic responses triggered by upstream sen- 
sors such as mTORCI remains to be determined. Irrespective 
of this unknown, TFEB-induced autophagy has a central role in 
disease protection, as the viral delivery of a TFEB-coding 
construct to the liver prevents the hepatic accumulation of lipid 
vesicles in both diet-induced and genetic models of obesity (Set- 
tembre et al., 2013). Interestingly, the nematode ortholog of 
TFEB (HLH-30) is required for the induction of autophagy by 
longevity-extending manipulations in Caenorhabditis elegans 
(Lapierre et al., 2013). 

Cell-Surface Nutrient Receptors 

Several G protein-coupled receptors (GPCRs) expressed on 
the cell surface sample the extracellular microenvironment for 
nutrient availability and signal to the autophagic machinery. 
These include (but are not limited to): (1) G protein-coupled 
receptor, class C, group 6, member A (GPRC6A), y-aminobutyric 
acid B receptor 1 (GABBR1), calcium-sensing receptor (CASR), 
heterodimeric taste receptors, and various metabotropic gluta- 
mate receptors, all of which sense one or more amino acids; 
(2) free fatty acid receptor 1 (FFAR1) and FFAR4, which detect 
long-chain fatty acids; and (3) FFAR2 and FFAR3, which are acti- 
vated by short-chain fatty acids (Wauson et al., 201 4). The signal 
transduction cascades linking each of these receptors to the 
autophagic machinery have not yet been precisely defined, but 
they all presumably operate by promoting increases in the intra- 
cellular levels of inositol-1 ,4, 5, -triphosphate and diacylglycerol, 
or those of cyclic AMP (Wauson et al., 2014). 

In several cell types, including pancreatic (3 cells, cardiac myo- 
blasts, and cervical carcinoma HeLa cells, the knockdown of 
either subunit of heterodimeric taste receptors— namely, taste 
receptor, type 1, member 1 (TAS1R1) and TAS1 R3 — promotes 
autophagy even in the presence of excess extracellular amino 
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Figure 3. Metabolic Regulation of Auto- 
phagy at the Organismal Level 

Acute starvation induces a stereotyped pattern 
of metaboiic aiterations, inciuding a (limited) 
decrease in circulating glucose levels coupled to 
an increase in blood-borne triglycerides and free 
fatty acids (FFAs). This is generally accompanied 
by the secretion of glucagon (GCG), as well as by a 
reduction in the circulating levels of growth fac- 
tors, insulin (INS), insulin-like growth factor 1 
(IGF1), leptin (LEP), and myonectin. FFAs trigger 
autophagy as they freely enter cells and promote 
the inactivation of eukaryotic translation initia- 
tion factor 2a (elF2a) coupled to the activation 
of activating transcription factor 4 (ATF4). 
Conversely, the alterations in the circulating levels 
of INS, IGF1, GCG, and LEP induced by starva- 
tion are sensed by specific receptors expressed 
at the cell surface, all of which impinge on the v-akt 
murine thymoma viral oncogene homolog 1 
(AKT1)/mechanistic target of rapamycin complex 
1 (mTORCI) signaling axis. In addition, drops in 
the availability of growth factors promote auto- 
phagy by limiting the expression of nutrient 
transporters. Epinephrine is also secreted in 
response to starvation, promoting autophagy in 
the periphery upon binding to adrenoceptor 32 (ADRB2). Other hormones with prominent autophagy-regulatory functions are adiponectin (ADIPOQ) and ghrelin 
(GHRL). The former, which is secreted by the adipose tissue, exerts pure autophagy stimulatory functions by inhibiting mTORCI and promoting the activation of 
5' AMP-activated protein kinase (AMPK). The latter, which is secreted upon relaxation of the gastric wall, has been shown to inhibit AMPK in some circumstances, 
hence inhibiting autophagy, and to suppress proteasomal protein degradation in others, hence increasing autophagic flux. ADIPOR, ADIPOQ receptor; GCGR, 
GCG receptor; GHSRIa, growth hormone secretagogue receptor 1 A; IGF1 R, IGF1 receptor; INSR, INS receptor; IRS, INSR substrate; LEPR, LEP receptor; PI3K, 
phosphinositide-3-kinase; PKA, protein kinase A; RTK, receptor tyrosine kinase. 




acids. Similarly, Tas1r3~^~ mice exhibit increased autophagic re- 
sponses to starvation in the heart, liver, and skeletal muscle, as 
compared to their wild-type counterparts (Wauson et al., 2012). 
Indirect evidence also suggests that the omega-3 fatty acid do- 
cosahexaenoic acid induces autophagy upon binding to FFAR4 
on the cell surface (Williams-Bey et al., 201 4). These results point 
to the possibility that GPCRs not only sense nutrients in the ol- 
factory and gustative sensory organs, but also act in peripheral 
tissues to regulate autophagy in response to extracellular meta- 
bolic cues. 

In summary, several systems are in place to detect fluctuations 
in the intracellular and/or extracellular availability of nutrients and 
hence initiate an autophagic response. However, it remains to be 
explored which among these systems preferentially respond to 
a global nutrient limitation (which may be caused by a reduction 
in blood supply) rather than to changes in the abundance of a 
specific molecule (which may be the result of precise metabolic 
perturbations). Moreover, it is not yet known whether nutrient 
sensors have similar activation thresholds in all cell types. It is 
reasonable to expect that distinct AMPK isoforms, the composi- 
tion of mTORCI , the subcellular localization of acetyltransferases 
and sirtuins, as well as the expression pattern of GPCRs, ulti- 
mately impact on the fine regulation of autophagy. 

Induction of Autophagy by Metabolic Restriction In Vivo 

Although culturing cells in the absence of glucose, amino acids, 
or all nutrients constitutes a valid model for the induction of 
autophagy in vitro, such drastic alterations in the abundance of 
extracellular supplies do not occur in vivo, at least in mammals. 
Maintaining mice for 24-48 hr in the absence of food (but with 
free access to water) induces autophagy in close-to-all nucle- 



ated cells of the body while causing a reduction of 10%-20% 
in body weight (Mizushima, 2009). Yet, this does not cause a ma- 
jor depletion in the circulating levels of amino acids or massive, 
life-threatening hypoglycemia because of the autophagy-depen- 
dent mobilization of cellular stores and the systemic response to 
starvation involving hepatic and muscular reserves (He et al., 
2012; Kuma et al., 2004). Indeed, in multicellular eukaryotes, 
the composition of the extracellular milieu is preserved by multi- 
ple homeostatic circuits. Moreover, the cellular availability of nu- 
trients is not mainly dictated by their abundance but, rather, by 
the regulation of their uptake via specific transporters expressed 
on the plasma membrane (Wieman et al., 2007). Thus, the 
expression levels and activity of the cellular systems that ensure 
the uptake of various nutrients, including glucose and amino 
acids, are regulated by several growth factors as well as by 
neuroendocrine circuits (Kim and Lee, 2014) (Figure 3). 

In conditions of acute starvation, the circulating levels of insu- 
lin (INS) and insulin-like growth factor 1 (IGF1) decrease while 
those of the insulin-like growth factor binding protein 1 (IGFBP1 , 
an IGF1 antagonist) and glucagon (GCG) increase (Cheng et al., 
2014). The consequent reduction of INS and IGF1 signaling 
may contribute to the inhibition of nutrient uptake and mTORCI 
inactivation, favoring a compensatory autophagic response that 
preserves bioenergetic homeostasis (Troncoso et al., 2012). 
Similarly, the absence of growth factors not only limits glucose 
uptake upon the downregulation of plasma membrane trans- 
porters (Wieman et al., 2007), but also inhibits downstream 
signaling via the AKT1 /mTORCI pathway and promotes the 
interaction between the catalytic subunit of class I PI3Ks and 
the small GTPase RAB5A, hence favoring the activating interac- 
tion of the latter with VPS34 (Dou et al., 2013). A similar 
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suppression of AKT1/mTORC1 signaling occurs upon the activa- 
tion of protein kinase A by GCG (Kondomerkos et al., 2005). 
Thus, drops in the extracellular availability of INS, IGF1, and 
growth factors coupled to increased GCG signaling provoke a 
robust autophagic response. Accordingly, the postnatal in- 
crease in circulating INS levels resulting from breast feeding sup- 
presses maladaptive autophagy in cardiomyocytes, as it has 
been shown in mice harboring a cardiomyocyte-specific deletion 
of Irs1 and Irs2 (coding for two key transducers of INS and IGF1 
signals) (Riehle et al., 2013). Moreover, the exogenous provision 
of IGF1 reverts some of the metabolic effects of starvation in 
mice (Cheng et al., 2014). 

Epinephrine is secreted by adrenal glands when hypotha- 
lamic neurons detect a drop in circulating glucose levels, and 
the consequent activation of (3-adrenergic GPCRs in peripheral 
tissues promotes the mobilization of triglyceride stores through 
a mechanism that involves autophagy (Lizaso et al., 2013). 
Moreover, epinephrine deficiency (owing to the ablation of the 
gene coding for phenylethanolamine N-methyltransferase) 
causes severe hepatic steatosis coupled to deficient autophagy 
and impaired triglyceride usage yet does not affect glucose ho- 
meostasis (Sharara-Chami et al., 2012). Intriguingly, starvation 
is coupled to a major increase in circulating triglycerides, and 
the free fatty acids resulting from their catabolism (such as 
oleate and palmitate) may also stimulate autophagy (Shen 
et al., 2012). 

Additional nutrient-responsive neuroendocrine mediators, 
including leptin, adiponectin, ghrelin, myonectin, and others, 
may affect autophagic responses, establishing a complex 
network of autophagy-stimulatory and autophagy-inhibitory sig- 
nals. Prominent autophagy inducers including starvation, phys- 
ical exercise, rapamycin, resveratrol, and spermidine (a natural 
polyamine) cause a reduction in circulating leptin levels (Fie 
et al., 2012). In the case of exercise, this effect is lost in mice ex- 
pressing a variant of B cell CLL/lymphoma 2 (BCL2) that blocks 
stimulus-induced (but not baseline) autophagy (Fie et al., 2012). 
Conversely, the reduction of circulating leptin caused by fasting 
occurs normally in Atg7~^~ mice (Karsli-Uzunbas et al., 2014). 
The knockout of adiponectin (ADIPOQ), encoding a hormone 
secreted by the adipose tissue (and placenta), reportedly inhibits 
autophagy in the myocardium while aggravating diet-induced 
obesity and the consequent cardiac dysfunction, a series of ef- 
fects that can be prevented by the administration of rapamycin 
(Guo et al., 2013b). Ghrelin, also known as the “hunger hor- 
mone,” is produced by the gastrointestinal tract when the 
stomach empties. In vitro, ghrelin mediates both autophagy- 
activating and autophagy-inhibitory functions, reflecting its abil- 
ity to inhibit proteasomal protein degradation and AMPK, 
respectively (Bonfili et al., 2013; Wang et al., 2014). It remains 
to be determined which of these functions predominate in vivo 
in physiological versus pathological scenarios. Finally, myonec- 
tin (a skeletal muscle-derived hormone encoded by FAM132B) 
suppresses hepatic autophagy upon the stimulation of AKT1/ 
mTORCI signaling (Seldin et al., 2013). Taken together, these 
observations indicate that several neuroendocrine mediators 
regulate autophagy. 

Interestingly, autophagy is also coupled to unconventional 
secretory pathways, mediating the release of a series of soluble 



molecules, including diazepam-binding inhibitor (DBI, best 
known as ACB), interleukin-1 (3, and interleukin-18 (Zhang and 
Schekman, 2013). Thus, autophagy is regulated by several 
neuroendocrine circuits that sense systemic nutrient availability 
at the same time that it affects the release of various mediators, 
including hormones, neurotransmitters, and cytokines. The intri- 
cacies of this regulatory network are not yet fully understood and 
require in-depth exploration. 

Despite the limitation of in vitro studies, numerous examples 
suggest that energy sensors with autophagy-modulatory prop- 
erties in vitro are also required for autophagy induction by caloric 
restriction or fasting in vivo. A ketogenic diet (i.e., a high-fat, 
low-carbohydrate, and low-protein diet supplemented with 
ketogenic essential amino acids) inhibits mTORCI in vivo and 
stimulates autophagy (Xu et al., 2013). Moreover, AMPK is indis- 
pensable for myocardial adaptation to caloric restriction in mice 
(Chen et al., 2013), and sirtuins are required for the autophagy- 
dependent beneficial effects of nutrient deprivation in nonmam- 
malian model organisms (Morselli et al., 2011) and perhaps in 
mice (Mercken et al., 2014). 

Interestingly, mice that are starved for 24 hr exhibit a signifi- 
cant decrease in cytosolic acetyl-CoA in skeletal and cardiac 
muscles (but not in the brain) (Marino et al., 2014), suggesting 
that the overall nutrient status may affect the abundance of spe- 
cific intracellular metabolites. Similarly, acetyl-CoA levels drop 
in the livers of mice experiencing prolonged periods of caloric 
restriction (Hebert et al., 2013). It is not yet known whether 
this effect stems directly from decreased nutrient availability 
or rather reflects a drop in AKT1 -dependent activation of 
ACLY as a consequence of limited INS and IGF1 signaling 
(Lee et al., 2014). 

It appears that (some of the) nutrient sensors originally identi- 
fied in vitro contribute to the regulation of autophagic responses 
in vivo. However, we can anticipate that future studies will 
unravel the major impact of nervous, endocrine, and paracrine 
signals in the control of autophagy at the whole-body level, 
contributing to the sophisticated homeostatic regulation that 
renders the organism adaptable to changes in the quantity and 
quality of nutrient supplies. 

Metabolic Consequences of Autophagy 
In Individual Cells 

Most studies on the metabolic consequences of autophagy 
compare wild-type cells with cells in which genes encoding 
essential components of the autophagic machinery have 
been deleted by homologous recombination or have had 
their products depleted by RNA interference. Though this 
approach may provide reliable results in short-term experi- 
ments (performed within a few days after knockout or 
knockdown), it is likely to generate misleading information in 
long-term settings. Indeed, autophagic defects cause the 
accumulation of malfunctioning mitochondria and redox- 
active protein aggregates that, in the long term, have wide- 
spread metabolic consequences, including a reduction in 
mitochondrial ATP synthesis and an increased generation of 
genotoxic ROS. 

In the presence of an intact p53 system, autophagy-deficient 
cells exhibit impaired proliferation in vivo (Rosenfeldt et al.. 
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Figure 4. Regulation of Cellular and Organismal Autophagic 
Responses 

(A) When the availability of nutrients in the extracellular fluids drops below a 
threshold level, sensors expressed by most (if not all) cells are activated and 
dispatch an autophagy-stimulating stimulus via one or more signal trans- 
ducer(s). The consequent mobilization of intracellular stores restores, at least 
to some extent, nutrient availability, resulting in the suppression of autophagy- 
promoting signals. 

(B) Besides mediating direct pro-autophagic effects on virtually all cells, drops 
in the circulating levels of several nutrients stimulate specific cell types to 
release neuroendocrine mediators that induce autophagy. These mediators 
generally trigger autophagic responses in the liver, adipose tissue, or skeletal 
muscle, resulting in the restoration of systemic nutrient availability and hence 
in the feedback inhibition of both central and cellular autophagic responses. 

2013) , perhaps linked to reduced glucose uptake and glycolytic 
flux (Lock et al., 2011). Moreover, defects in the autophagic ma- 
chinery result in a marked dependency of Braf^®°°^-driven lung 
carcinoma cells on glutamine (Strohecker et al., 2013), whereas 
they lower mitochondrial oxygen consumption and the levels 
of Krebs cycle intermediates in the context of KRAS-driven 
carcinogenesis (Guo et al., 2011). 

Autophagy most often delays the transition between a revers- 
ible alteration of metabolic homeostasis and the generation of 
signals that irreversibly commit the cell to death (Galluzzi et al., 

2014) . Besides counteracting the depletion of energy-rich sub- 
strates, which is per se potentially lethal, autophagy limits the 
accumulation of permeabilized mitochondria, the organelles 
that regulate the intrinsic pathway of apoptosis and contribute 
to several instances of regulated necrosis (Galluzzi et al., 2012). 

One aspect of autophagy regulation that requires further scru- 
tiny is feedback inhibition. Indeed, it is reasonable to expect that 
amino acids and other energy-rich metabolites resulting from 
autophagy-dependent catabolic reactions act on intracellular 
nutrient sensors to inhibit autophagic responses (Figure 4). By 
reducing the autophagic flux (irrespective of the conditions that 
increased it), such a phenomenon may contribute to the shut- 
down of adaptive responses to stress that marks the recovery 
of homeostasis. 



In Whole Organisms 

One problem with the interpretation of data from mouse models 
bearing tissue-specific knockouts of genes encoding essential 
components of the autophagic machinery is that autophagy 
is a key process and its complete suppression invariably 
entails major metabolic and nonmetabolic alterations. Therefore, 
studies of the ablation of genes such as Atg5 an6Atg7 in specific 
cell types, including subpopulations of hypothalamic neurons, 
pancreatic (3 cells, adipocytes, hepatocytes, or myocytes (Kim 
and Lee, 2014), may provide deeper insights into the impact 
of degenerative processes affecting such cells rather than the 
physiological contribution of autophagy to metabolic control. 

Recently, the effects of the conditional deletion oiAtgY at the 
whole-body level have been explored by expressing a ubiquitous 
transgene coding for an inducible variant of the Cre recombinase 
\n mice. In this setting, tamoxifen administration in the 

drinking water results in the systemic excision of both floxed 
Atg7 alleles (Atg7^^^ genotype) (Karsli-Uzunbas et al., 2014). 
Disabling autophagy in 8- to 10-week-old mice promotes an 
acute immunodeficiency syndrome that increases the suscepti- 
bility of mice to lethal staphylococcal infections (10% mortality 
2 weeks after the administration of tamoxifen), and degenerative 
processes affecting all organs (notably the brain) account for the 
demise of all animals 6-1 5 weeks postknockout (Karsli-Uzunbas 
et al., 2014). Of note, two of the early consequences of Atg7 
deletion are the absence of liver glycogen and the replacement 
of white with brown adipose tissue. At this stage, i.e., 1 0 days af- 
ter knockout, Atg7^'^ mice are very sensitive to a short period 
(24 hr) of starvation. In particular, they exhibit profound hypogly- 
cemia, fail to mobilize fatty acids, and succumb to starvation 
while manifesting massive hepatic damage (as indicated by a 
surge in the circulating levels of hepatic enzymes) and severe 
muscle wasting, as well as DNA damage responses in hepato- 
cytes and myocytes. In this setting, glucose supplementation 
is sufficient to postpone death and muscle wasting, supporting 
the notion that Atg7^'‘^ mice truly die from hypoglycemia in 
response to short periods of starvation (Karsli-Uzunbas et al., 
2014). Taken together, these results suggest that the severe 
consequences of a complete, irreversible inhibition of the auto- 
phagic machinery prevent metabolic adaptations to fasting. 

The metabolic consequences of partial autophagy inhibition 
have also been explored. A BCL2 variant in which three amino 
acids (i.e., T69, S70, and S84) have been substituted with alanine 
residues (referred to as BCL2'^) cannot be phosphorylated 
by JNK1. These mutations prevent the phosphorylation-depen- 
dent breakdown of BCL2/BECN1 complexes, hence allowing 
for baseline, but not stimulus-induced, autophagy (He et al., 
2012). Thus, mice expressing BCL2^^^ at the whole-body level 
display lower degrees of exercise-induced autophagy in skeletal 
muscles than their wild-type counterparts. This correlates with 
reduced physical endurance and a decreased sensitivity of skel- 
etal muscles to exercise-induced insulin. Moreover, although a 
high-fat diet causes obesity and type 2 diabetes in both control 
and BCL2'^^-expressing mice, the beneficial effects of exercise 
training on diabetes are lost in the latter. Very similar results were 
obtained in Becn1^'~ mice (He et al., 2012). These findings sug- 
gest that autophagy in skeletal muscles may contribute to the 
systemic beneficial effects of exercise. 
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Becn1'^^~ mice of 16-24 months of age also exhibit increased 
lipid accumulation in the liver as compared to their age- 
matched wild-type counterparts (Amir and Czaja, 2011). More- 
over, in a mosaic >Afg5 knockout model (in which only a fraction 
of tissues, including the liver, exhibit autophagic defects), 
hepatocytes became highly loaded with lipid droplets by 
19 months of age (Takamura et al., 2011), supporting the idea 
that autophagy may counteract steatosis in a cell-autonomous 
fashion. 

The overexpression of essential components of the autopha- 
gic machinery may yield useful information regarding the contri- 
bution of autophagy to whole-body physiology, provided that 
such a manipulation is not deleterious for specific cell types. 
For example, the transgenic expression oiAtgS under the control 
of a universal, moderate promoter extends the lifespan of mice 
by 17.2% (Pyo et al., 2013). This suggests that promoting 
autophagy to some extent is nontoxic. Importantly, Atg5-over- 
expressing mice not only exhibit a lean phenotype, reduced 
hepatic levels of triglycerides, increased glucose clearance, 
and insulin sensitivity as compared to their wild-type counter- 
parts, but are also protected against diet-induced obesity and 
insulin resistance (Pyo et al., 2013). These findings support a 
general anti-obesity and anti-diabetes role of autophagy. 

Nutritional interventions and other (pharmacological or ge- 
netic) inducers of autophagy may also be used to manipulate 
metabolism in vivo. Ample evidence indicates that caloric re- 
striction or specific nutritional manipulations (e.g., methionine re- 
striction, polyamine supplementation) can increase the longevity 
of nonmammalian organisms (such as yeast, nematodes, and 
flies) in an autophagy-dependent manner. Similarly, rapamycin 
and several other experimental inducers of autophagy (such as 
resveratrol and spermidine) extend the lifespan of nonmamma- 
lian species in an autophagy-dependent fashion (Rubinsztein 
et al., 2011). Rapamycin also increases the longevity of labora- 
tory mice and reverses age-related cardiac dysfunction, even 
when administered late in life (Harrison et al., 2009). However, 
it has not yet been determined whether autophagy is required 
for the lifespan-extending effects of rapamycin on mice. More- 
over, rapamycin may promote type 2 diabetes, probably due 
to inhibition of mTORC2 (Lamming et al., 2012). 

Future studies must determine which, if any, dosing schedule 
might reduce the immunosuppressive and pro-diabetic side 
effects of rapamycin or whether rapamycin should be replaced 
by more specific mTORCI inhibitors (Li et al., 2014), other drugs 
that mimic the effects of caloric restriction (i.e., that reduce 
acetyl-CoA levels, such as ACLY inhibitors; stimulate sirtuins, 
such as nicotinamide or resveratrol; and/or inhibit acetyltrans- 
ferases, such as spermidine) (Madeo et al., 2014), or agents 
that specifically activate the autophagic machinery (such as a 
cell-permeable peptide that derepresses BECN1) (Shoji-Kawata 
et al., 2013). Indeed, although accumulating evidence indicates 
that nicotinamide and resveratrol have profound anti-obesity 
and anti-diabetes effects (Canto et al., 2012; Lagouge et al., 
2006), it remains elusive to what extent such activity is mediated 
by autophagy. 

Both rapamycin and nicotinamide riboside can be used to 
treat experimental mitochondriopathies. In particular, rapamy- 
cin improves the clinical course of mice lacking a mitochondrial 



respiratory chain subunit (NADH dehydrogenase [ubiquinone] 
Fe-S protein 4, 18 kDa, Ndufs4), which develop brain lesions 
similar to those associated with the Leigh syndrome (Johnson 
et al., 2013). Similarly, nicotinamide riboside causes a signifi- 
cant improvement in the symptoms of mice carrying a dominant 
mutation in the gene coding for progressive external ophthal- 
moplegia 1 (Peol, a mitochondrial replicative helicase), which 
results in progressive mitochondrial myopathy upon the accu- 
mulation of mutated mtDNA (Khan et al., 2014). Moreover, 
nicotinamide riboside improves the mitochondrial defects 
and intolerance to physical exercise of mice expressing a path- 
ologic variant of SCO cytochrome oxidase-deficient homolog 
2 (Sco2) in the absence of endogenous Sco2 alleles, which 
develop a mitochondrial disease model characterized by 
impaired biogenesis of cytochrome c oxidase (Cerutti et al., 
2014). Because autophagy plays a major role in mitochondrial 
quality control, a chronic increase in autophagy could contribute 
to the beneficial effects of these compounds on diseases with 
limited therapeutic options. This possibility remains to be 
addressed. 

In summary, we are currently witnessing the development 
of new pharmacological and genetic methods to manipulate 
(induce or suppress) autophagy, which should facilitate the 
exploration of this key pathway in physiological scenarios. It 
will be particularly interesting to examine autophagy by tech- 
niques that permit its partial and transient modulation, either in 
the entire organism or in defined organs. Beyond mechanistic 
insights, such an approach will yield information on the thera- 
peutic utility and potential long-term side effects of autophagy- 
modulating measures. 

Conclusions and Perspectives 

Undoubtedly, metabolism regulates autophagy, and autophagy 
has a profound impact on metabolism. As a major manifestation 
of this tight interrelationship, the autophagy-dependent mobili- 
zation of cellular and organismal reserves triggers negative feed- 
back circuitries that inhibit autophagy at both the single-cell and 
systemic level (Figure 4). Autophagy is a complex process 
that requires a major degree of coordination among distinct 
molecular systems, ensuring that the initial sequestration of the 
autophagic cargo in autophagosomes leads to lysosomal degra- 
dation. Indeed, the induction of autophagy by heterogeneous 
interventions provokes a relatively homogeneous response 
characterized by the activation of specific kinases (AMPK, IKK, 
JNK1, TAK1, ULK1, VPS34), the inhibition of others (such 
as mTORCI), protein deacetylation reactions (at least in part 
ensuring the activation of SIRT1 and/or the inhibition of 
EP300), and the reversal of inhibitory interactions such as those 
between BECN1 and Bcl-2 family members. 

Such a tight coordination may be achieved by several mecha- 
nisms, including (but not limited to): (1) mutually stimulatory pro- 
autophagic interactions among nutrient sensors (e.g., AMPK and 
SIRT1, AMPK and mTORCI), (2) the direct activation of several 
pro-autophagic factors by nutrient sensors (e.g., ULK1 and 
TFEB, which are regulated by mTORCI), (3) positive interactions 
among essential molecules involved in distinct steps of the 
autophagic process (e.g., the phosphorylation of BECN1 
and AMBRA1 by ULK1; the phosphorylation of AMBRA1 by 
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mTORCI); and (4) synchronized rearrangements of key factors 
in functionally distinct multiprotein complexes. This may explain 
why distinct primary signals can stimulate stereotyped changes 
in several supramolecular complexes involved in the regulation 
of autophagy. 

An emerging theme is that autophagy responds to the deple- 
tion of a panel of nutrients by mobilizing intracellular reserves. 
Still, it is not clear yet whether distinct types of nutrient defi- 
ciencies may cause a highly specific and graduated autophagic 
response resembling the one triggered by iron deficiency. Thus, 
one might speculate that fluctuations in the abundance of spe- 
cific nutrients might stimulate an autophagic response (in terms 
of autophagic cargo and cell types involved) that differs from the 
one induced by indiscriminate caloric restriction. Irrespective of 
these and other unknowns, autophagy exerts major homeostatic 
control on both cellular and organismal metabolism. Thus, we 
anticipate that pathological alterations of autophagy and their 
therapeutic correction will occupy a central stage in future 
clinical practice. 
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SUMMARY 

Glycosylation processes are under high natural se- 
lection pressure, presumably because these can 
modulate resistance to infection. Here, we asked 
whether inactivation of the UDP-galactose:3-galac- 
toside-a1-3-galactosyltransferase (a1,3GT) gene, 
which ablated the expression of the Gala1-3Gal31- 
4GlcNAc-R (a-gal) glycan and allowed for the produc- 
tion of anti-a-gal antibodies (Abs) in humans, confers 
protection against Plasmodium spp. infection, the 
causative agent of malaria and a major driving force 
in human evolution. We demonstrate that both Plas- 
modium spp. and the human gut pathobiont E. coll 
086:B7 express a-gal and that anti-a-gal Abs are 
associated with protection against malaria transmis- 
sion in humans as well as in a7,3G7-deficient mice, 
which produce protective anti-a-gal Abs when 
colonized by E. coll 086:B7. Anti-a-gal Abs target 
Plasmodium sporozoites for complement-mediated 
cytotoxicity in the skin, immediately after inoculation 
by Anopheles mosquitoes. Vaccination against a-gal 
confers sterile protection against malaria in mice, 
suggesting that a similar approach may reduce 
malaria transmission in humans. 



INTRODUCTION 

Humans have relatively high levels of circulating antibodies 
(Abs) recognizing xeno-glycans expressed by pathogens (Oye- 
laran et al., 2009). As for other antigens, xeno-glycans cannot 
be targeted by the immune system when also expressed as 

CrossMark 



self-glycans. This limitation can be bypassed by natural selec- 
tion of mutations that inactivate the expression of self-glycans 
(Bishop and Gagneux, 2007). Presumably, natural selection of 
such loss-of-function mutations tailored the human anti-glycan 
immune repertoire through evolution (Bishop and Gagneux, 
2007). This notion is supported by the inactivation of the cyti- 
dine monophosphate-N-acetyIneuraminic acid hydroxylase- 
like (CMAH) gene in humans, which suppressed the expression 
of N-glycolyIneuraminic acid (Neu5Gc) (Hayakawa et al., 2001) 
and allowed for immune reactivity against Neu5Gc (Tangvora- 
nuntakul et al., 2003). In a similar manner, inactivation of the 
a1,3GT gene, which suppressed the expression of the Galal- 
3Gaipi-4GlcNAc-R (a-gal) carbohydrate in ancestral anthropoid 
primates that gave rise to humans (Galili and Swanson, 1991), 
also allowed for immune reactivity against a-gal (Galili et al., 
1984). While it has been argued that this evolutionary process 
is driven to a large extent by the acquisition of immune-resis- 
tance against pathogens expressing such glycans (Bishop and 
Gagneux, 2007; Cywes-Bentley et al., 2013), this was never 
tested experimentally. 

Humans do not express a-gal and up to 1 %-5% of the reper- 
toire of circulating immunoglobulin M (IgM) and immunoglobulin 
G (IgG) in healthy adults is directed against this glycan (Macher 
and Galili, 2008). Production of a-gal-specific Abs is thought to 
be driven by exposure to bacterial components of the microbiota 
expressing a-gal (Macher and Galili, 2008), including specific 
members of the Klebsiella spp., Serratia spp., and Escherichia 
coll spp. (Galili et al., 1988). Expression of a-gal by these Entero- 
bacteriaceae is associated with the bacterial capsule and cell wall 
glycoproteins, as well as with lipopolysaccharide (LPS) (Galili 
et al., 1988). Gut colonization by the human pathobiont E. coll 
086:B7 (Pal et al., 1969) recapitulates the etiology of anti-a-gal 
Ab production in mice (Posekany et al., 2002) and in primates 
(Mahez et al., 2001), as well as the production of Abs directed 
against the a-gal-related anti-B blood group glycan in chickens 
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Figure 1 . Detection of a-Gal in Plasmodium 
Sporozoites 

(A) Composite images of GFP/actin (green), a-gal 
(red; white arrows), and DNA (blue) in Plasmodium 
sporozoites. 

(B) Same staining as (A), after removal of a-gal by 
a-galactosidase. Images are representative of 2-3 
independent experiments. Scale bar, 5 i^m. 

(C) Detection of a-gal in sporozoites 

by flow cytometry, representative of three inde- 
pendent experiments. 

(D) Detection of a-gal in proteins extracted from 

salivary glands of noninfected (Nl), P. falciparum 
3D7 {Pf), [Pb), or P. yoelii 1 7XNL (Py)- 

infected A. mosquitoes. Histone H3 (Hist3) and 
GFP were detected as loading controls. When 
indicated, a-gal was digested using a-galactosi- 
dase (E). 

(E and F) Detection of a-gal (E) and CSP (F) 
in sporozoites treated or not with 

phospholipase C (+PLC). Control is not stained. 
Data representative of 2-4 independent experi- 
ments. 

See also Figure S1 . 
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(Springer et al., 1959) and humans (Springer and Horton, 1969). 
This argues that gut colonization by E. coli 086:B7 may be partic- 
ularly relevant in triggering the production of a-gal-specific Abs, 
presumably contributing to the high titers of these circulating 
Abs in healthy adult humans (Galili et al., 1988). Moreover, anti- 
a-gal Abs may also be produced in response to infection by path- 
ogens expressing a-gal, such illustrated for gram-negative bacte- 
ria from Salmonella spp. or for protozoan parasites from Trypano- 
soma spp. (Avila et al., 1989). 

Anti-a-gal Abs are cytotoxic toward a-gal-expressing patho- 
gens, as demonstrated in vitro for bacteria (Galili et al., 1988), 
protozoan parasites (Avila et al., 1989), and viruses enveloped 
by xenogeneic a-gal-expressing cell membranes (Takeuchi 
et al., 1996). Whether anti-a-gal Abs confer resistance to these 
and/or other pathogens in vivo has, to the best of our knowledge, 
not been established. Here, we tested this hypothesis specif- 
ically for Plasmodium spp. infection, the causative agent of 
malaria and a major driving force that shaped the evolution of 
anthropoid primates, including humans. 



Malaria is transmitted to humans by the 
inoculation of Plasmodium sporozoites 
via the bite of female Anopheles (A.) 
mosquitoes (Menard et al., 2013). While 
transmission may be rather efficient, 
only a fraction of the inoculated parasites 
manage to progress toward the establish- 
ment of infection (Rickman et al., 1990; 
Sauerwein et al., 2011; Verhage et al., 
2005), hinting at a natural mechanism of 
protection that presumably targets the 
initial phases of the Plasmodium life cy- 
cle. Here, we demonstrate that produc- 
tion of anti-a-gal Abs in response to the 
gut E. coli 086: B7 pathobiont contributes 
critically to this natural defense mechanism, reducing malaria 
transmission by A. mosquitoes. 

RESULTS 

Plasmodium spp. Express the a-Gal Glycan 

The a-gal glycan was detected on the surface of Plasmodium 
sporozoites, as assessed by immunofluorescence for the human 
pathogen Plasmodium falciparum 3D7, as well as for the trans- 
genic GFP-expressing strains of the rodent pathogens Plasmo- 
dium berghei ANKA (PbA) or Piasmodium yoeiii 17XNL, using 
the lectin Bandeiraea (Griffonia) simplicifolia-\ isolectin IB4 (BSI- 
B 4 ) (Galili et al., 1985) or an anti-a-gal monoclonal antibody 
(M86 mAb) (Galili et al., 1998) (Figure 1A; Figures SI A and 
SIB available online). Specificity of a-gal detection was 
confirmed by its enzymatic removal using a-galactosidase (Fig- 
ures IB and 1C). Expression of a-gal was associated with 
proteins, as assessed by western blot in whole-cell extracts 
from P. falciparum 3D7, PbA, or P. yoelii 17XNL sporozoites 
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(Figure 1D) and confirmed by enzymatic removal of a-gal 
(Figure 1 D). Residual levels of a-gal were detected in the salivary 
glands of noninfected mosquitoes, suggesting that this glycan 
may be generated, at least partially, by A mosquitoes 
(Figure 1D). 

Expression of a-gal by PbA sporozoites was reduced by ~4- 
fold when the glycosylphosphatidylinositol (GPI) anchor was 
cleaved by phospholipase C (PLC), as assessed by flow cytom- 
etry (Figure 1E). In contrast, GPI cleavage failed to reduce the 
expression of circumsporozoite protein (CSP), the main protein 
expressed at the surface of Plasmodium sporozoites (Figure 1 F). 
This suggests that a-gal is bound to GPI-anchored surface pro- 
teins, including or not CSP, which despite being GPI-anchored 
(Moran and Caras, 1994) is resistant to PLC cleavage (Kimmel 
et al.,2003) (Figure IF). 

a-Gal-Specific IgM Abs Are Associated with Protection 
from P. falciparum Infection in Humans 

We investigated whether a correlation exists between the levels 
of anti-a-gal Abs in healthy uninfected children and adults before 
the malaria season (n = 330 for IgG; n = 229 for IgM) and subse- 
quent risk of P. falciparum infection (determined by biweekly 
PCR analysis of fingerprick blood samples) and febrile malaria 
(determined by weekly physical examination), during the ensuing 
6 month malaria season in a cohort study in Mali, where this sea- 
son is predictable and intense (Tran et al., 2014). In children <2 
years, the average level of anti-a-gal IgM Abs was 33.4 iig/ml 
(95% confidence interval [Cl]: 18.4-48.3 iig/ml) (Figure 2A), 
similar to that reported in children with no history of malaria 
exposure (Avila et al., 1992; Doenz et al., 2000; Galili et al., 
1984; Parker et al., 1999). However, anti-a-gal IgM Abs 



Figure 2. Anti-oe-Gal IgM Abs Are Asso- 
ciated with Protection against Malaria 
Transmission in Individuals from a Malaria 
Endemic Region 

(A) Anti-a-gal IgM Abs in individuals from a malaria 
endemic region in Mali (gray dots) or from the 
United States (black dots). Mean (red bars) ± SD. 

(B) Levels of anti-a-gal IgM Abs in P. falciparum- 
infected (Pf+) versus noninfected {Pf-) children >4 
years of age are shown as box plots in the same 
population as in (A). 

(C) Anti-a-gal IgG Abs in individuals from a malaria 
endemic region in Mali (gray dots) or from the 
United States (black dots). Mean (red bars) ± SD. 

(D) Levels of anti-a-gal IgG Abs in P. falciparum- 
infected (Pf+) versus noninfected {Pf-) children >4 
years of age are shown as box plots in the same 
population as in (C). 



increased with age, reaching an average 
of 123.03 pg/ml (95% Cl: 79.3- 

166.7 pg/ml) in adults— more than twice 
the level reported in adults with no malaria 
exposure, i.e., 51.6 pg/ml (95% Cl: 14.9- 
88.3 pg/ml) (Figure 2A) (Avila et al., 1992; 

Doenz et al., 2000; Galili et al., 1984; 

Parker et al., 1999). The average level of 
anti-a-gal IgM Abs in children >4 years of age who had no 
P. falciparum infections detected during the 6-month malaria 
season (n = 13) was higher than those who became infected 
(n = 141) (Figure 2B). This suggests that there is a positive corre- 
lation between the levels of anti-a-gal IgM Abs and incidence of 
P. falciparum infection. 

The average level of anti-a-gal IgG Abs in children <2 years 
was 1.46 pg/ml (95% Cl: 0.22-0.69 pg/ml) and increased in 
adults to 3.66 pg/ml (95% Cl: 3.04-4.28 pg/ml) (Figure 2C). In 
contrast to IgM, the levels of circulating a-gal-specific IgG 
were similar between malaria-exposed and nonexposed adults, 
suggesting that P. falciparum infection fails to drive an IgG 
response directed against a-gal (Figure 2D). This also suggests 
that there is no correlation between anti-a-gal IgG Abs and inci- 
dence of P. falciparum infection. Time-to-event analysis did not 
show a correlation between a-gal-specific IgM and IgG levels 
before the malaria season and subsequent risk of P. falciparum 
infection (p = 0.76 and p = 0.08, respectively) or febrile malaria 
(p = 0.35 and p = 0.18, respectively). 

Gut Colonization by E. coll 086:B7 Eiicits a Protective 
a-Gai-Specific IgM Ab Response against Malaria 
Transmission 

To test whether anti-a-gal IgM Abs are protective against malaria 
transmission, we took advantage of “human-like” a1 ,3Gt-6ef\- 
cient mice. Unlike humans, wild-type mice have a functional 
a1,3Gt gene and express a-gal on secreted and cell-surface gly- 
coconjugates, suppressing the development of anti-a-gal immu- 
nity (Yang et al., 1 998). Deletion of a1,3Gt gene eliminates a-gal 
(Tearle et al., 1996), allowing for anti-a-gal Ab production in 
a1,3Gt~'~ mice (Chiang et al., 2000; Tearle et al., 1996; Yang 
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Figure 3. Gut Colonization by E. coli 
Expressing oc-Gal Protects against Plasmo- 
dium Infection 

(A and B) Detection of a-gal in E. coli strains by (A) 
flow cytometry and (B) immunofluorescence. 
Representative of 2-3 independent experiments. 
Composite images in (B), i.e., a-gal (green) and 
DNA (blue) at 100x magnification. Scale bar, 
10 \im. 

(C and D) a1,3Gt~'~ mice maintained under SPF 
were treated with streptomycin for 7 days. (C) Anti- 
a-gal IgM Abs levels were measured in a1,3Gt~^~ 
mice not colonized (SPF), colonized with E. coli 
K12, or colonized with 086. B7 strains (2-3 exper- 
iments; n = 12). (D) Incidence of blood stage of 
Piasmodium infection (%) in mice colonized as in 
(C) and exposed to 

A. stephensi mosquitoes (four experiments; n = 
17-34). 

(E) Incidence of blood stage of Piasmodium 
infection (%) in a1 ,3Gt~'~JHT~'~ , a1 ,3Gt~^~Aid~'~ , 
and a1 ,3Gt~'~ iiS mice colonized as in (C) and 

exposed to PbA'^®P^°'°'^'^-infected A. stephensi 
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et al., 1998). However, a1,3Gt~^~ mice are known to produce 
only residual levels of circulating anti-a-gal Abs when maintained 
under specific pathogen-free (SPF) conditions (Chiang et al., 
2000). Production of anti-a-gal Abs can be enhanced upon 
enteric exposure to E. coli 086: B7 (Posekany et al., 2002). We 
confirmed that E. coli 086: B7 expresses high levels of a-gal (Yi 
et al., 2006), which is not the case for the E. coli K12 strain (Fig- 
ures 3A and 3B). Colonization of a1,3Gt~^~ mice by E. coli 
086: B7 after antibiotic treatment (streptomycin sulfate; 5 g/l in 
drinking water for 7 days prior to colonization) increased the 
levels of circulating anti-a-gal IgM Abs from 1.4 pg/ml (95% Cl: 
1.1-1 .8 pg/ml) to 162.9 pg/ml (95% Cl: 95.89-230.1 pg/ml) 
before and after colonization, respectively (Figure 30). Levels 
of anti-a-gal IgM Abs in colonized a1,3Gt~^~ mice were in the 
range of adult individuals from a malaria endemic region (Fig- 
ure 2A). In contrast, the levels of circulating anti-a-gal IgG Abs re- 
mained at residual levels, i.e., <1 pg/ml (Figure S2A), again in the 
range of adult individuals from a malaria endemic region (Fig- 



mosquitoes (1-2 experiments; n = 4-10). 

(F) Anti-a-gal IgM Abs were measured in GF 
a1,3Gt~'~ mice not colonized (GF), colonized 
with E. coli K12, or colonized with 086. B7 strains 
(2-3 experiments; n = 12). (G) Incidence of blood 
stage of Piasmodium infection (%) in mice colo- 
nized as in (F) and exposed to -In- 

fected A. stephensi mosquitoes (four experiments; 
n = 9-13). 

Mean (red bars). 

See also Figure S2. 



O GF 

O E.CO//K12 
E.coli 086:37 

ure 20). Colonization by E. coli K12 did 
not induce the production of circulating 
anti-a-gal Abs (Figure 30). Gut coloniza- 
tion by E. coli 086. B7 was associated 
with protection of a1,3Gt~^~ mice from 
PbA transmission by infected Anopheles 
stephensi mosquitoes (Figure 3D). This 
was not the case when a1,3Gt~^~ mice were or were not colo- 
nized by E. coli K12 (Figure 3D). 

To determine whether the protective effect associated with gut 
colonization by E. coli 086. B7 is mediated by anti-a-gal Abs, we 
performed similar colonization experiments in a1,3Gt~'~J^~'~ 
lacking B cells (Gu et al., 1993), a1 ,3Gt~^~ mice lacking 
circulating IgM (Ehrenstein et al., 1998) or a1 ,3Gt~^~Aid~^~ 
mice that fail to undergo Ig class switch recombination or so- 
matic hypermutation (Muramatsu et al., 2000). Gut colonization 
by E. coli 086.B7 failed to protect a1 ,3Gt~^~JHT~^~ and 
a1 ,3Gt~^~ , but not a1 ,3Gt~^~Aid~^~ mice from PbA-in- 
fected mosquitoes, as compared to genetic-matched control 
mice colonized or not by E. coli K12 (Figure 3E). This shows 
that the protective effect of gut colonization by E. coli 086. B7 
acts via a mechanism mediated by anti-a-gal IgM Abs that do 
not undergo somatic hypermutation. 

Germ-free (GF) a1,3Gt~^~ mice had low but detectable levels 
of anti-a-gal IgM Abs, i.e., 0.87 pg/ml (95% Cl: 0.66-1.1 pg/ml). 
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Figure 4. Protective Effect of a-Gal Immuni- 
zation 

(A) Anti-a-gal Abs in the serum of control (-) versus 
rRBCM (+) or a-gal-BSA (+) immunized a1,3Gt~^~ 
mice (2-3 experiments; n = 12-29). 

(B-D) Incidence of blood stage of infection (%) in 
a1,3Gt~'~ mice treated as in (A) and exposed to (B) 
A. Stephens! mosquitoes 
(seven experiments; n = 27-44), (C) P. yoelii 
17XNL-infected A. Stephens! mosquitoes (five 
experiments; n = 28-39), or (D) PbA^^'^^^'‘^'^^-in- 
fected A. gamb!ae mosquitoes (four experiments; 
n = 27-34). 

(E) Incidence of blood stage of infection (%) 
in nonimmunized (control) versus immunized 
(rRBCM) a1,3Gt-'~ mice receiving p^A^EFia-GFP 
sporozoites (3-4 experiments; n = 17-28). 

(F) P!asmod!unn 18 s rRMA/ArbpO mRNA in skin 
and liver of nonimmunized (control) versus immu- 
nized (rRBCM) a1,3Gt~'~ mice exposed to 
PbA^^^^^'^^^-\r\tecte6 A. Stephens! mosquitoes 
(3-5 experiments). Infected/total mice (gray nbrs). 

(G) Same as (A) in control (-) versus immunized 
(+; rRBCM emulsified in CFA+CpG) a1,3Gt~^~ 
mice (two experiments; n = 6-23). 

(H) Incidence of blood stage of infection (%) in 
a1,3Gt~'~ mice treated as in (G) and infected as in 

(B) (three experiments; n = 16-19). In (A), (F), and 
(G), dots are individual mice and mean (red bars). 
See also Figures S3 and S4. 
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suggesting that these are natural Abs (Figure 3F). The production 
of anti-a-gal IgM Abs in GF a1,3Gt~^~ mice being driven by 
expression of these glycans in food components is possible, 
but this has not been tested. GF a1,3Gt~^~ mice did not produce 
anti-a-gal IgG Abs (Figure S2C). Susceptibility to PbA transmis- 
sion by infected A. mosquitoes was similar in SPF versus GF 
a1,3Gt~^~ mice (Figures 3D and 3G). When GF a1,3Gt~^~ mice 
were monocolonized by E. coli 086: B7, the levels of circulating 
anti-a-gal IgM Abs increased to 96.62 pg/ml (95% Cl: 59.32- 
1 33.9 pg/ml) (Figure 3F), which is the range in which adult individ- 
uals from a malaria endemic region (Figure 2A), without concom- 
itant induction of anti-a-gal IgG Abs (Figure S2C). Monocoloniza- 
tion by E. coli 086:B7, but not by E. coli K12, protected 
a1,3Gt~^~ mice from PbA transmission by A. mosquitoes (Fig- 
ure 3F). This suggests that gut colonization by a specific patho- 
biont expressing a-gal recapitulates to a large extent the normal 
etiology of the human anti-a-gal Ab response (Figure 2) and in- 



duces protection against Plasmodium 
infection, such as observed in a malaria 
endemic region (Figure 2). 

It should be noted that the percentage 
of infected red blood cell (RBC), i.e., para- 
sitemia, and incidence of mortality were 
similar among those a1,3Gt~^~ mice that 
were infected by PbA regardless of 
colonization (Figures S2B and S2D). This 
suggests that gut colonization by E. coll 
086: B7 protects against Plasmodium 
transmission, but not against disease once the erythrocytic 
stage of infection is established. 

Immunization against a-Gai Protects from Plasmodium 
Transmission 

Immunization of a1,3Gt~^~ mice against a-gal, using rabbit RBC 
membranes (rRBCM) expressing high levels of a-gal or synthetic 
a-gal conjugated to BSA (a-gal-BSA) elicited the production of 
circulating anti-a-gal IgM and IgG Abs (Figure 4A). Control 
a1,3Gt^^^ mice failed to produce anti-a-gal Abs (Chiang et al., 
2000; Tearle et al., 1996; Yang et al., 1998) (Figure S3A). Circu- 
lating anti-a-gal immunoglobulin A (IgA) and immunoglobulin E 
(IgE) Abs were undetectable in control or immunized a1,3Gt~^~ 
and a1,3Gt^^^ mice (data not shown). The concentration of 
anti-a-gal IgM Abs in the plasma of immunized a1,3Gt~^~ mice 
was in the range of adult individuals from malaria endemic re- 
gions (Figure 2A). Circulating anti-a-gal IgG Abs in immunized 
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a1,3Gt~^~ mice, predominantly from lgG1 , lgG2b, and lgG3 sub- 
classes, were present at higher concentrations, as compared to 
total IgG in adult individuals from malaria endemic regions. Little 
or no circulating lgG2a (Figure 4A) or lgG2c (data not shown) 
were detected in immunized a1,3Gt~^~ mice. 

Immunization against a-gal protected a1,3Gt~'~ mice from 
PbA (Figure 4B) and P. yoelli 17XNL (Figure 4C) transmission 
by infected A. stephensi mosquitoes, as well as from PbA trans- 
mission by A. gambiae mosquitoes (Figure 4D) versus control 
nonimmunized a1,3Gt~^~ mice. Control immunized a1,3Gt^^'^ 
mice were neither protected from PbA (Figure S3B) nor 
P. yoelli 17XNL (Figure S3C) transmission by A. stephensi 
mosquitoes nor against PbA transmission by A. gannblae 
mosquitoes (Figure S3D) versus naive a1,3Gf^^'^ mice. 

Immunized a1,3Gt~'~ mice were protected from artificial 
transmission of PbA sporozoites via intradermal inoculation 
versus control nonimmunized a1,3Gt~^~ mice (Figure 4E) or 
control immunized or nonimmunized a1,3Gt^^'^ mice (Fig- 
ure S3E). Protection was no longer observed when sporozoites 
were inoculated intravenously (Figures 4E and S3E). This 
suggests that the protective effect of a-gal immunization is 
exerted in the dermis, presumably via an anti-a-gal Ab driven 
mechanism that is no longer effective once sporozoites reach 
the blood. 

PbA transmission was associated with accumulation of Plas- 
modium 18S rRNA at the site of inoculation, as quantified in 
the ear pinna by qRT-PCR (Figure 4F). The relative amount of 
Plasmodium 18S rRNA was similar in immunized versus control 
nonimmunized a1,3Gt~^~ mice (Figure 4F) or control immunized 
or nonimmunized a1,3Gt^'^ mice (Figure S3F). Immunized 
a1,3Gt~^~ mice did not accumulate Plasmodium 18S rRNA in 
the liver, when compared to control nonimmunized a1,3Gt~^~ 
mice (Figure 4F) or control nonimmunized or immunized 
a1,3Gt^^^ mice (Figure S3F). This suggests that a-gal immuniza- 
tion arrests the transit of inoculated sporozoites from the skin 
into the liver, without interfering with sporozoite inoculation by 
A. mosquitoes. 

TLR9 Agonist Adjuvant Enhances the Protective Effect 
of a-Gai Immunization 

Immunization of a1,3Gt~^~ mice with rRBCM emulsified in com- 
plete Freund’s adjuvant (CFA), supplemented with toll-like re- 
ceptor 9 agonist CpG, enhanced anti-a-gal lgG2b and lgG3 Ab 
response by 2- to 3-fold (Figure 4G) versus immunization without 
adjuvant (Figure 4A). This was associated with 88% reduction 
in the relative risk of transmission of PbA infection by A. 
mosquitoes (95% Cl: 0.032-0.452) versus 61% reduction upon 
immunization without adjuvant (95% Cl: 0.209-0.726) (Figures 
4B and 4H). This protective effect was not observed in control 
a1,3Gt^^ mice (Figures S3G and S3FI). 

Parasitemias were similar in immunized a1,3Gt~^~ mice not 
protected from PbA infection versus control nonimmunized 
a1,3Gt~^~ mice as well as control nonimmunized or immunized 
a1,3Gf'^^ mice (data not shown). Moreover, when infected, all 
mice succumbed to experimental cerebral malaria. This sug- 
gests that while protective against malaria transmission, a-gal 
immunization is not protective against the development of se- 
vere disease if Plasmodium manages to establish infection. In 



keeping with this notion, when inoculated with PbA-infected 
RBC, immunized a1,3Gt~'~ mice developed similar levels of par- 
asitemia and disease severity, as compared to control nonimmu- 
nized a1,3Gt~^~ mice as well as to control nonimmunized or 
immunized a1,3Gt^^^ mice (Figure S4A). 

We tested further whether the protective effect conferred by 
a-gal immunization is associated with sterile protection, i.e., 
inability of Plasmodium to establish blood stage of infection. 
Passive transfer of RBCs harvested from protected immunized 
a1,3Gt~^~ mice at day 8-9 post-PbA transmission by A. mosqui- 
toes failed to transmit disease to naive a1,3Gt~^~ mice (Fig- 
ure S4B). In contrast, passive transfer of RBC harvested from 
nonprotected immunized a1,3Gt~^~ mice, readily transmitted 
disease to naive a1,3Gt~^~ mice (Figure S4B). This demonstrates 
that the protective effect of immunization against a-gal is asso- 
ciated with sterile protection against malaria. 

Anti-a-Gal IgM and IgG Abs Produced in Response to 
a-Gal Immunization Confer Protection against Malaria 
Transmission 

We asked whether the protective effect of a-gal immunization 
is mediated by anti-a-gal IgM and/or IgG Abs. Immunized 
a1,3Gt~^~JHT~^~ mice failed to produce anti-a-gal IgM or IgG 
Abs versus naive a1 ,3Gt~^~dHT~^~ mice or immunized 
a1,3Gt~^~ mice (Figure 5A). Moreover, immunized a1,3Gt~^~ 
JhT~^~ rnice were not protected against PbA transmission by 
A. mosquitoes versus control nonimmunized a1 ,3Gt~^~JnT~^~ 
mice (Figure 5B). This shows that the protective effect 
of a-gal immunization is mediated via a B cell-dependent 
mechanism. 

Immunization of a1 ,3Gt~^~Aid~^~ mice failed to induce the 
production of anti-a-gal IgG, but not IgM Abs, versus naive 
a1 ,3Gt~^~Aid~^~ or immunized a1,3Gt~^~ mice (Figure 5A). 
Immunized a1 ,3Gt~^~Aid~^~ mice were nevertheless pro- 
tected against PbA transmission by A. mosquitoes versus non- 
immunized a1 ,3Gt~^~Aid~'~ mice (Figure 5B). This confirms 
that anti-a-gal IgM Abs can confer protection against malaria 
transmission (Figure 2B) and that the protective effect of a-gal- 
specific IgM Abs does not require somatic hypermutation. 

Immunization of a1 ,3Gt~^~ pS~^~ mice failed to induce anti- 
a-gal IgM Abs, without interfering with anti-a-gal IgG Ab 
response versus naive a1 ,3Gt~^~ mice or immunized 
a1,3Gt~^~ mice (Figure 5A). Immunized a1 ,3Gt~'~ mice 
were nevertheless protected from PbA transmission by A. 
mosquitoes versus control naive a1 ,3Gt~^~ mice (Fig- 
ure 5B). Immunized a1,3Gt~^~ mice did not produce circulating 
anti-a-gal IgA or IgE Abs (data not shown) and a putative protec- 
tive effect for these Ig isotypes was excluded. This demonstrates 
that anti-a-gal IgG Abs produced in response to immunization 
confer protection against malaria transmission. 

Immunization of a1 ,3Gt~^~Tcrd~^~ mice lacking mature ap 
T cells (Mombaerts et al., 1992) compromised anti-a-gal IgM 
and IgG response versus control immunized a1,3Gt~^~ mice 
(Figure 5A). Immunized a1 ,3Gt~^~Tcr(3~^~ mice were not pro- 
tected from PbA transmission by A. mosquitoes versus control 
naive a1,3Gt~'~Tcrd~'~ mice (Figure 5B). This shows that anti- 
a-gal Abs produced in response to immunization are T cell- 
dependent (Cretin et al., 2002) and so is their protective effect. 
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Figure 5. Protective Effect of Anti-a-Gal Abs 

(A) Relative absorbance of anti-a-gal Abs (Mean ± 
SD) in serial serum dilutions from nonimmunized 
(Nl) or rRBCM-immunized (I) a1,3Gt~'~ mice (two 
experiments; n = 10). 

(B) Incidence of blood stage infection (%) in spe- 
cific immune component-deleted a1,3Gt~^~ mice 
immunized (I) or not (Nl) as in (A) and exposed to 
PbA^^'^^^'^'^^-infected mosquitoes (3-7 experi- 
ments; n = 13-41). 

(C) Incidence of blood stage of infection (%) in 
a1,3Gt~'~ mice after passive transfer of anti-a-gal 
Abs versus controls (no passive transfer; ctr.) 
exposed to PbA^^'^’'^‘®'^'^-infected mosquitoes 
(4-7 experiments; n = 19-32). 

(D) C3 deposition in sporozoites not 

exposed (ctr.) or exposed to anti-a-gal Abs plus 
mouse complement (C). Representative of three 
independent experiments. 

(E) Incidence of blood stage of infection (%) in 

a1,3Gt~^~C3~^~ mice after passive transfer of anti- 
a-gal IgM {[i), lgG2b (y2b), or lgG3 (y3) Abs versus 
controls (ctr.; no passive transfer) not receiving 
Abs, exposed to mosqui- 

toes (four experiments; n = 21-37). 

(F) Same as (E) in PMN-depleted a1,3Gt~'~ mice 
(four experiments; n = 15-25). 

See also Figures S5 and S6. 
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Naive and immunized a1,3Gt~^~JHT~^~ (Figure S5A), 
a1,3Gt~^~Aid~'~, (Figure S5B) and a1 ,3Gt~^~ (Figure S5C) 
mice, not protected from Pb/K transmission, developed similar 
levels of parasitemia and succumbed to experimental cerebral 
malaria. This was not the case for a1,3Gt~^~Tcr(3~^~ mice (Fig- 
ure S5D), consistent with the involvement of T cells in the path- 
ogenesis of experimental cerebral malaria (Belnoue et al., 2002). 

Passive transfer of anti-a-gal IgM to naive a1,3Gt~^~ mice 
conferred protection against PbA transmission by A. mosquitoes 
(Figure 5C). This was also the case for passive transfer of anti- 
a-gal Abs from specific IgG subclasses, namely, lgG2b and 
lgG3 (Figure 5C), but not lgG1 or lgG2a (Figure 5C). Relative 
binding to a-gal was similar for all mAbs tested, as assessed 
by ELISA using a-gal-BSA as a solid-phase antigen (Figure S6A) 
or by immunofluorescence using PbA sporozoites (Figure SOB). 
Specificity of anti-a-gal binding to Plasmodium sporozoites was 
assessed by enzymatic removal of a-gal, confirming that these 
mAbs recognize specifically and only the a-gal glycan on the sur- 



face of Plasmodium sporozoites (Fig- 
ure S6C). lgG2a, lgG2b, and lgG3 mAbs 
are class-switched mutants derived from 
the original anti-a-gal lgG1 clone and as 
such have similar affinities for a-gal 
(Ding et al., 2008). These data reveal that 
while IgM anti-a-gal Abs are sufficient 
per se to confer protection against ma- 
laria transmission, this protective effect 
can be enhanced when specific sub- 
classes anti-a-gal IgG Abs are present at 
sufficient high levels. 

Once bound to the surface of Plasmodium sporozoites, anti- 
a-gal IgM, lgG2b, and lgG3 mAbs activated the classical 
pathway of complement, as assessed by C3 deposition (Fig- 
ure 5D). Anti-a-gal lgG1 or lgG2a mAbs failed to activate com- 
plement (data not shown), and complement activation was 
also not observed in the absence of anti-a-gal Abs (Figures 5D 
and S7), showing that the alternative and lectin pathways of 
complement are not activated by Plasmodium sporozoites. 

We then asked whether the protective effect exerted by anti- 
a-gal Abs is mediated via a mechanism involving the activation 
of the complement cascade (Figure 5D) (Ding et al., 2008; Miya- 
take et al., 1998). Passive transfer of anti-a-gal IgM Abs or anti- 
a-gal lgG2b mAb to a1 ,3Gt~^~C3~^~ mice, which lack C3 and 
cannot activate the complement cascade, failed to confer protec- 
tion against PbA transmission versus control a1,3G ^ C3 ^ 
mice (Figure 5E). Passive transfer of anti-a-gal lgG3 mAb 
to a1,3Gt~^~C3~^~ mice conferred residual but significant 
protection versus control a1 ,3G~^~C3~^~ mice (Figure 5E). This 
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Figure 6. Protective Effect of Anti-a-Gal Abs 
against Hepatocyte Infection 

(A) Mean percentage (%) of viable GFP^ 
P^aHsp7o-gfp sporozoites ± STD (3-4 experiments) 
after exposure in vitro to anti-a-gal or control anti- 
DNP mAbs in the presence of mouse complement. 
(B and C) Mean percentage (%) of HepG2 cells (B) 
wounded (Dextran-Red^) or (C) invaded (GFP^) by 
P^aHsp7o-gfp sporozoites treated as in (A) ± SD (six 
experiments). 
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while preventing the onset of cerebral ma- 
I 9 GI lgG2a lgG2b lgG3 lang (data not shown), consistent with 

previous findings (Chen et al., 2000). 

Anti-a-Gal Abs Are Cytotoxic to 
Plasmodium Sporozoites 

Complement activation by anti-a-gal IgM, 
lgG2b, or lgG3 mAb was cytotoxic to PbA 
sporozoites in vitro, as assessed by 
sporozoite GFP expression (Figure 6A). 
Anti-a-gal lgG1 and lgG2a mAbs, which 
did not activate complement when bound 
to Plasmodium sporozoites (data not 
shown), were not cytotoxic (Figure 6A). 
The cytotoxic effect of anti-a-gal IgM, 
lgG2b, and lgG3 was similar when using 
mouse (Figure 6A) or rabbit (Figure S7A) 
complement but was strictly dependent 
on the presence of complement (Fig- 
ure S7B). A similar cytotoxic effect was 
observed when quantifying viable “cres- 
cent-shaped” sporozoites (Figure S7C), 
an independent readout for sporozoite 
viability (Flegge et al., 2010). Isotype- 
matched control anti-dinitrophenyl (DNP) 
Abs were not cytotoxic to PbA sporozoites in vitro (Figures 6A 
and S7A-S7C). 

Anti-a-Gal Abs Inhibit Hepatocyte Invasion by 
Plasmodium Sporozoites 

We asked whether anti-a-gal Abs inhibit hepatocyte transmigra- 
tion (wounding) and/or hepatocyte invasion by Plasmodium spo- 
rozoites (Mota et al., 2001). Complement activation by anti-a-gal 
IgM, lgG2b, and lgG3 Abs inhibited hepatocyte transmigration 
(Figure 6B) and invasion (Figure 6C), as assessed in vitro for 
PbA sporozoites. This inhibitory effect was not observed when 
using anti-a-gal IgGI or lgG2a Abs or isotype/subclass-matched 
control anti-DNP Abs (Figures 6B and 6C). 

We then assessed whether anti-a-gal Abs inhibit the develop- 
ment of exoerythrocytic forms (EEF) of Plasmodium. Comple- 
ment activation by anti-a-gal IgM, lgG2b, and lgG3 Abs reduced 
the number of EEF (Figure 7A), as well as the average EEF size 
(Figures 7B and 7C) formed in vitro by PbA sporozoites. Anti- 
a-gal IgGI Abs did not show this inhibitory effect, while anti- 
a-gal lgG2a Abs did not reduce the number of EEF (Figure 7A) 
but had a residual inhibitory effect on EEF size (Figures 7B and 



suggests that the protective effect exerted by anti-a-gal IgM and 
lgG2b Abs acts via a mechanism that is strictly complement 
dependent, whereas the protective effect of anti-a-gal lgG3 Abs 
is partially but probably not strictly dependent on complement 
activation. Infection incidence was similar in control a1,3Gt~^~ 
C3~^~ versus a1 ,3Gt~^~C3^^^ mice (Figures 5C and 5E). 

Complement activation generates C3a and C5a chemoattrac- 
tants that promote IgG-dependent polymorphonuclear (PMN) 
cell cytotoxicity (Ding et al., 2008; Nimmerjahn and Ravetch, 
2008; Yin et al., 2004). Therefore, we asked whether the protec- 
tive effect of anti-a-gal Abs involves PMN cells. Passive transfer 
of anti-a-gal lgG2b Abs to a1,3Gt~^~ mice, depleted from PMN 
cells by the administration of anti-Ly-6G (Gr-1) (Porcherie 
et al., 2011), failed to confer protection against PbA transmission 
by A. mosquitoes, whereas passive transfer of anti-a-gal IgM or 
lgG3 Abs conferred protection (Figure 5F). This suggests that the 
protective effect exerted by anti-a-gal IgM and lgG2b Abs acts 
via a mechanism strictly dependent on PMN cells, whereas the 
protective effect of anti-a-gal lgG3 Abs is partially but probably 
not strictly dependent on PMN cells. Depletion of PMN cells 
per se did not interfere with Plasmodium infection (Figure 5F) 
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Figure 7. Protective Effect of Anti-a-Gal 
Abs against Plasmodium Maturation in 
Hepatocytes 

(A) Number of EEF per field (dots; 20-23 fields). 

(B) Area of individual EEF (dots) (n = 1 11-256 EEFs 
counted in 20-23 fields). 

(C) Total area of EEF (dots) per field (20-23 fields). 
HepG2 cells were incubated with 
sporozoites, previously exposed to anti-a-gal or 
control anti-DNP mAbs in the presence of com- 
plement (A-C). 

See also Figure S7. 
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7C). Isotype/subclass-matched control anti-DNP Abs did not 
modulate EEF numbers (Figure 7A) or average size (Figures 7B 
and 7C). 

DISCUSSION 

When inoculated in humans through the bite of an A. mosquito, 
Plasmodium sporozoites are confronted with relatively high 
levels of cytotoxic anti-a-gal IgM Abs (Figure 2A). That these 
Abs are protective against malaria transmission is supported 
by three independent lines of evidence. First, individuals from a 
malaria endemic region that show evidence of decreased 
P. falciparum infection risk have higher levels of circulating 
a-gal-specific IgM Abs, as compared to individuals who are sus- 
ceptible to P. falciparum infection (Figure 2B). Second, when 
present at levels similar to those observed in individuals from a 
malaria endemic region — in a1,3Gt~'~ mice colonized by human 
gut pathobiont E. coll 086: B7 expressing a-gal (Figure 3) or in 
immunized a1,3Gt~^~ mice (Figures 4A and 4B)— anti-a-gal 
IgM Abs confer protection against malaria transmission. Third, 
passive transfer of anti-a-gal IgM Abs is sufficient per se to pro- 
tect a1,3Gt~^~ mice from malaria transmission (Figure 5C). 



The protective effect exerted by anti- 
a-gal IgM Abs should be relevant to un- 
derstand why malaria incidence is higher 
in children versus adults from malaria 
endemic regions (Modiano et al., 1996). 
Relative absence of these antibodies 
in children under the age of 2-3 years 
should favor malaria transmission, as 
compared to adults that have higher 
levels of circulating anti-a-gal IgM Abs 
(Figure 2A). This relative absence of anti- 
a-gal IgM in children may be explained 
by the (1) kinetics of establishment of an 
adult-like gut microbiota (Ringel-Kulka 
et al., 2013), (2) requirement of environ- 
mental and dietary exposure in the estab- 
lishment of an adult-like gut microbiota, 
and/or (3) the kinetics of the establish- 
ment of adult-like B cell repertoire, 
including anti-a-gal B cells. 

The protective effect exerted by anti- 
a-gal IgM Abs might also contribute to 
explain why only a small fraction of Plasmodium sporozoites 
inoculated by mosquitoes manage to progress toward the 
establishment of infection in humans. This is true even when 
Plasmodium sporozoites are inoculated under controlled exper- 
imental conditions in adults (Rickman et al., 1990; Sauerwein 
et al., 2011; Verhage et al., 2005). Presumably, when present 
at sufficient high levels in adults, circulating anti-a-gal IgM Abs 
prevent the large majority of Plasmodium sporozoites from es- 
tablishing a successful infection. However, infection is estab- 
lished if as few as a couple of Plasmodium sporozoites manage 
to escape this natural mechanism of protection. 

Whether a-gal detected at the surface of Plasmodium sporo- 
zoites (Figure 1) is produced by Plasmodium and/or by the mos- 
quito is not clear. The salivary glands of noninfected mosquitoes 
express low levels of a-gal, as detected by western blot (Figure 1 ) 
and immunostaining (data not shown). Plasmodium sporozoites 
are masked by mosquito laminin (Warburg et al., 2007), an evolu- 
tionary conserved glycoprotein that in other species contains 
a-gal (Takahashi et al., 2014). It is possible therefore that anti- 
a-gal Abs recognize laminin or another mosquito-derived protein 
expressing a-gal, masking Plasmodium sporozoites (Warburg 
et al., 2007). 
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It is now well established that specific components of the gut 
microbiota can modulate immunity and resistance to infection 
(Belkaid and Hand, 2014; Honda and Littman, 2012). In support 
of this notion, resistance to viral and bacterial (Fagundes et al., 
2012) infections is impaired in GF mice (Dolowy and Muldoon, 
1964) or mice subjected to antibiotic-driven dysbiosis (Ichinohe 
et al., 2011). We reasoned that xeno-glycans expressed by spe- 
cific components of the gut microbiota might trigger a protective 
immune response against pathogens expressing the same xeno- 
glycans. We show that this is the case for a-gal, a xeno-glycan ex- 
pressed by the human gut pathobiont E. coli 086: B7, as well by 
Plasmodium spp. (Figures 1 , 3A, and 3B). When colonized by 
E. coli 086: B7, a1,3Gt~^~ mice produce an anti-a-gal IgM Ab 
response (Figures 30 and 3F) that confer protection against Plas- 
modium infection (Figures 3D, 3E, 3G, and 50) via a lytic mecha- 
nism mediated by complement activation (Figures 5E and 6A). It 
is worth noticing that in a similar manner to other microbiota- 
driven resistance mechanisms, the protective effect exerted by 
E. coll 086: B7 acts at the level of a tissue barrier, i.e., the skin, 
to prevent Plasmodium transmission (Figures 4E and 4F). 

Levels of circulating anti-a-gal IgG Abs in individuals from a 
malaria endemic region (Figure 20), as well as in a1,3Gt~^~ 
mice colonized with E. coll 086: B7 (Figures S2A and S2C), are 
~30-fold and ~40 to 70-fold, respectively, lower than levels of 
IgM anti-a-gal Abs. This may explain why basal levels anti- 
a-gal IgG Abs in individuals from a malaria endemic region are 
not associated with decreased risk of P. falciparum infection 
(Figure 2D). This also suggests that P. falciparum infection fails 
to induce class switch of the anti-a-gal Ig Ab response in those 
individuals. It is possible therefore that P. falciparum represses 
Ig class-switch recombination, explaining the residual levels of 
circulating anti-a-gal IgG Abs (Figure 20). 

While anti-a-gal Abs can provide sterile protection against 
malaria in mice (Figures 5B, 50, and S4B), this is not commonly 
observed in malaria endemic regions in which adult individuals 
have circulating anti-a-gal IgM Abs, possibly because the levels 
of these Abs are below a threshold level required to provide ster- 
ile protection (Figure 2). However, we show that this natural 
mechanism of protection can be enhanced via immunization us- 
ing adjuvants that favor the production of T cell-dependent com- 
plement fixing anti-a-gal IgG Abs (Figures 4G and 4H). Moreover, 
when coupled to Plasmodium antigens, this approach should 
enhance the immunogenicity of such antigens (Benatuil et al., 
2005) and boost the protective efficacy of candidate malaria 
vaccines based on such antigens (Olotu et al., 2013). This 
approach should be useful in preventing not only individual infec- 
tions but also disease transmission given the protective effect of 
anti-a-gal Abs. 

It is possible that the protective effect of “attenuated” sporo- 
zoite vaccine trials against malaria (Seder et al., 201 3) is driven to 
some extent by an anti-a-gal Ab response, given the expression 
of a-gal by Plasmodium falciparum sporozoites (Figure 1). 
Whether a correlation can be established between the effective- 
ness of such candidate vaccines and a putative anti-a-gal IgG Ab 
response has not been established but may be useful to consider 
as a retrospective analyzes. 

As a final note, we predict that in a similar manner to anti-a-gal 
Abs other anti-glycan Abs may confer protection against malaria 



as well as other vector-borne protozoan parasites (Huflejt et al., 
2009; Lacroix-Desmazes et al., 1995; Nageleet al.,2013). More- 
over, anti-a-gal Abs may also target other vector-borne proto- 
zoan parasites expressing a-gal, such as Lelshmania spp. and 
Trypanosoma spp., the causative agents of Leishmaniasis and 
Trypanosomiasis, respectively (Avila et al., 1989). As such, 
vaccination approaches similar to the one proposed here for ma- 
laria may be considered against these diseases as well. 

EXPERIMENTAL PROCEDURES 
Cohort Study 

For detailed analysis, see the Extended Experimental Procedures. 

Immunization against a-Gai 

Eight- to ten-week-old mice received 3 x 10® rabbit rRBCM equivalents 
(100 1^1; PBS; intraperitoneal [i.p.]). Adjuvants are described in the Extended 
Experimental Procedures. Mouse serum was collected 2 weeks after last 
immunization, and circulating anti-a-gal Abs were quantified by ELISA. See 
the Extended Experimental Procedures for details on anti-a-gal ELISA. 

Passive Transfer of Anti-a-Gai mAbs 

a1,3Gt~'~ mice received anti-a-gal IgGI , lgG2a, lgG2b, and lgG3 mAbs (Ding 
et al., 2008; Yin et al., 2004) (150 ^ig; 100 i^l per mouse) or polyclonal IgM 
(150 i^g; 300-400 [i\ per mouse) via a single intravenous (i.v.) injection 24 hr 
prior to mosquito exposure. 

Piasmodium Strains 

Transgenic P. berghei ANKA (PbA) strains expressing GFP under the eef1a 
promoter, i.e., p^A^EFia-GFP (259cl1; MR4; MRA-865) (Franke-Fayard et al., 
2004), or under the hsp70 promoter (Ishino et al., 2006), i.e., 

(kindly provided by Robert Menard, Institut Pasteur), transgenic P. yoelii 
17XNL strain expressing GFP under the PbA eef1a promoter (MR4; MRA- 
817; kindly provided by Robert Menard, Institut Pasteur) (Weiss et al., 1989). 
For sporozoite production, see the Extended Experimental Procedures. 

Plasmodium Transmission 

A. Stephens! or gambiae mosquitoes were allowed to feed on anesthetized 
mice (i.p.; 125 mg/kg ketamine; 12.5 mg/kg xylazine) placed on a warming 
tray. Two mosquitoes were allowed to probe and feed independently (90- 
100 s) on restricted to the edge of the mouse ear (10-12/3-4 mm) and 
dissected thereafter for confirmation of sporozoites in salivary glands. If nega- 
tive, infection was repeated. 

Sporozoites Inocuiation 

sporozoites were inoculated (i.d.) in the ear pinna (750 sporozo- 
ites in 20-30 [i\; 1 % BSA in PBS) or i.v. in the retro-orbital vein (150 sporozoites 
in 50 |o.l; 1% BSA in PBS) using a microsyringe (Nanofil 100 |al; 33G beveled 
needle; World Precision Instruments). 

Detection of a-Gai in Plasmodium Sporozoites 

Sporozoites were stained with Alexa Fluor 647-conjugated BSI-IB4 or Alexa 
Fluor 647-conjugated anti-a-gal mAbs and detected by confocal microscope 
or flow cytometer. For detection of a-gal in by western blotting, 

see the Extended Experimental Procedures. Green coffee bean a-galactosi- 
dase (50-200 i^l; 5 U/ml; 60-90 min; 25°C; Sigma Chemical) was used to hy- 
drolyze terminal a-galactosyl moieties from glycolipids and glycoproteins 
(Luo et al., 1999). 

Statisticai Anaiysis 

All tests (except human cohort studies) were performed using the GraphPad 
Prism (v. 6.0) (GraphPad Software). Human analyses were performed in R 
(v. 3.0.2). Detailed analyses are described in the Extended Experimental 
Procedures. 
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Mice 

Experiments in mice were performed in accordance with protocols approved 
by the Ethics Committee of the Institute Gulbenkian de Ciencia and the Portu- 
guese National Entity (DGAV-Diregao Geral de Alimentagao e Veterinaria). 
Experiments in mice were performed in accordance with the Portuguese 
(Decreto-Lei no. 113/2013) and European (directive 2010/63/EU) legislation 
related to housing, husbandry, and animal welfare. C57BL/6 JhT~^~ (Gu 
et al., 1993), Tcr^~'~ (Mombaerts et al., 1992), Aid~'~ (Muramatsu et al., 
2000), (Ehrenstein et al., 1998), and C3~'~ (Circolo et al., 1999) mice 

were crossed with C57BL/6 a1,3Gt~'~ mice (Shinkel et al., 1997; Tearle 
et al., 1996). For the details on genotyping, see the Extended Experimental 
Procedures. 

SUPPLEMENTAL INFORMATION 

Supplemental Information includes Extended Experimental Procedures and 
seven figures and can be found with this article online at http://dx.doi.org/ 
10.1016/j.cell.2014.10.053. 
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SUMMARY 

Salmonella Typhi is an exclusive human pathogen 
that causes typhoid fever. Typhoid toxin is a S. Typhi 
virulence factor that can reproduce most of the 
typhoid fever symptoms in experimental animals. 
Toxicity depends on toxin binding to terminally sialy- 
lated glycans on surface glycoproteins. Human gly- 
cans are unusual because of the lack of CMAH, which 
in other mammals converts N-acetyIneuraminic acid 
(NeuSAc) to N-glycolyIneuraminic acid (NeuSGc). 
Here, we report that typhoid toxin binds to and is 
toxic toward cells expressing glycans terminated in 
NeuSAc (expressed by humans) over glycans termi- 
nated in NeuSGc (expressed by other mammals). 
Mice constitutively expressing CMAH thus display- 
ing NeuSGc in all tissues are resistant to typhoid 
toxin. The atomic structure of typhoid toxin bound 
to NeuSAc reveals the structural bases for its binding 
specificity. These findings provide insight into the 
molecular bases for Salmonella Typhi’s host speci- 
ficity and may help the development of therapies 
for typhoid fever. 

INTRODUCTION 

Salmonella enterica serovar Typhi (S. Typhi), the cause of 
typhoid fever, continues to be a major pubiic heaith concern, 
particuiariy in deveioping countries. There are more than 
20 miiiion cases of typhoid fever every year, which resuit in 
more than 400,000 deaths (Crump and Mintz, 2010; Parry and 
Threifaii, 2008; Voetsch et ai., 2004). Uniike the iiinesses associ- 
ated with most other Salmonella, which are usuaiiy seif-iimiting 
gastroenteritis (i.e., “food poisoning”), typhoid fever is a sys- 
temic, often iethai disease (Parry et ai., 2002). in addition, in 
contrast to most Salmonella enterica serovars, which can infect 
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a broad range of hosts, S. Typhi exhibits remarkabie host spec- 
ificity, causing symptomatic infections oniy in humans (Ohi and 
Miiier, 2001 ; Parry et ai., 2002; Raffateiiu et ai., 2008). The mech- 
anisms of S. Typhi host specificity are incompieteiy understood 
and most iikeiy muitifactoriai. For exampie, S. Typhi is unabie to 
repiicate in most hosts, except chimpanzees where it was found 
to reach ieveis equivaient to those in humans (Edsaii et ai., 1 960; 
Metchnikoff and Besredka, 1911). However, despite significant 
bacteriai repiication, S. Typhi did not cause typicai typhoid fever 
symptoms in chimpanzees, which deveioped a miider and much 
shorter iasting disease syndrome (Edsaii et ai., 1960; Metchnik- 
off and Besredka, 1911). These observations indicate that in 
addition to pathogen restriction, there are other host factors 
that must prevent the deveiopment of typhoid fever even in the 
presence of significant bacteriai repiication. Host restriction is 
manifested at the ceiiuiar ievei because, in contrast to human 
macrophages, S. Typhi is unabie to survive within macrophages 
of nonpermissive species (Schwan et ai., 2000; Viadoianu et ai., 
1990). Recent studies have identified a Rab32-dependent path- 
ogen-restriction mechanism that iimits the growth of S. Typhi 
within macrophages of nonpermissive species (Spano and 
Gaian, 2012). in contrast, this antimicrobiai function is effectiveiy 
neutraiized by broad-host Salmonella serovars, which are abie to 
proteoiyticaiiy target Rab32 with a type iii secretion effector pro- 
tein that is absent from S. Typhi (Spano and Gaian, 201 2; Spano 
et ai., 2011). 

Typhoidai (i.e., abie to cause typhoid fever) Salmonella sero- 
vars (e.g., S. Typhi and S. Paratyphi) encode typhoid toxin, a 
unique member of the AB5 exotoxin famiiy (Haghjoo and Gaian, 
2004; Song et ai., 2013; Spano et ai., 2008). Uniike aii known 
members of this famiiy, which possess a singie enzymatic A sub- 
unit associated to a pentameric B subunit (Beddoe et ai., 2010), 
typhoid toxin is composed of two covaientiy iinked enzymatic 
subunits, the deoxyribonuciease CdtB and the ADP ribosyi 
transferase PitA, associated to the homopentameric B subunit 
PitB (Song et ai., 2013). Thus typhoid toxin may have evoived 
from the combination of two exotoxins, cytoiethai distending 
and pertussis toxins, and is the oniy known exampie of a toxin 
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with an A 2 B 5 organization. Recent studies have shown that direct 
injection of typhoid toxin into experimental animals can repro- 
duce many of the pathognomonic symptoms of typhoid fever, 
thus placing this toxin at the center of the pathogenesis of this 
devastating disease (Song et al., 2013). 

To enter cells typhoid toxin must bind glycosylated surface 
glycoprotein receptors in target cells, such as podocalyxin 1 on 
epithelial cells and CD45 on myelocytic cells (Song et al., 2013). 
The toxin recognizes specific sialylated glycan moieties on the re- 
ceptor proteins through a glycan-binding domain in its PItB B 
subunit. Sialoglycans on human cells are unusual in that they 
are primarily terminated in A/-acetylneuraminic acid (Neu5Ac) 
(Varki et al., 2011). This is in contrast to other old world primates 
and most other mammals studied to date, whose glycans can 
also terminate in A/-glycolylneuraminic acid (Neu5Gc). These dif- 
ferences in glycan composition are the result of the absence of 
CMP-A/-acetylneuraminic acid hydroxylase (CMAH) in humans, 
due to an Alu-mediated exon deletion in the CMAH gene, which 
occurred after the separation of the Hominin lineage from other 
Hominids (the so-called “great apes,” e.g., chimpanzees) 
(Chou et al., 2002). Here, we report that typhoid toxin exhibits 
exquisite specificity for human-like Neu5Ac-terminated glycans. 
We find that typhoid toxin is cytotoxic to cells expressing Neu5Ac 
glycans on their surface but not to those expressing Neu5Gc. 
Furthermore, typhoid toxin binds strongly to human tissues but 
poorly to those from chimpanzees, which predominantly display 
Neu5Gc-terminated glycans and do not develop the typical 
symptoms of typhoid fever. We also show that mice engineered 
to display Neu5Gc glycans in all tissues are resistant to typhoid 
toxin. These findings provide major insight into the molecular 
bases for the host specificity of S. Typhi and may help the devel- 
opment of novel therapeutic approaches against typhoid fever. 

RESULTS 

Typhoid Toxin Exhibits Strong Specificity 
for NeuSAc-Terminated Giycans 

Given the remarkable human specificity exhibited by S. Typhi 
and the central role of typhoid toxin in the pathogenesis of 



Figure 1. Comparison of Typhoid Toxin 
Binding to Paired NeuSAc- and NeuSGc- 
Terminated Glycans by a Customized 
Microarray 

Chemical structures of NeuSAc and NeuSGc are 
shown. The two molecules differ by only one single 
oxygen atom. Vertical axis values represent the 
normalized average of relative fluorescence units 
and horizontal axis indicates the glycan number in 
the array. 

See also Figure S1 and Tables 1 and S1 . 



typhoid fever, we used a customized 
glycan array (Padler-Karavani et al., 
2014) to compare the ability of fluores- 
cently labeled typhoid toxin to bind pairs 
of sialylated glycans terminated in either 
NeuSAc (predominantly expressed in hu- 
man cells) or NeuSGc (predominantly expressed in cells of most 
other mammals). Consistent with previous results (Song et al., 
2013), typhoid toxin bound a diverse group of sialylated glycans 
with preferential binding to termini with the consensus sequence 
NeuSAca2-3Gal (31 -3/(31 -4Glc/GlcNAc (Figure 1; Table 1; Table 
SI available online). Remarkably, however, we found that 
typhoid toxin did not bind to otherwise identical glycans termi- 
nated in NeuSGc (i.e., differing by a single oxygen atom) (Fig- 
ures 1 and SI ; Table 1 ; Table SI). The marked difference in bind- 
ing was observed across all the glycans tested and with different 
toxin concentrations (Table 1; Figure SI; Table SI). Consistent 
with previous observations (Song et al., 2013), typhoid toxin car- 
rying a mutation in the glycan-binding site of its PItB B subunit 
(PltB^ssA) show significant binding to any of the glycans 

tested regardless of their sialylation status (Table SI). To confirm 
typhoid toxin’s preference for Neu5Ac-terminated glycans, we 
compared its binding to human and chimpanzee red blood cells, 
which display markedly different levels of surface NeuSAc or 
NeuSGc-terminated glycans (Figure 2A). In keeping with the 
glycan array findings, typhoid toxin showed much stronger bind- 
ing to human than to chimpanzee cells (Figure 2B). Furthermore, 
the differences were observed at different toxin concentrations 
(Figure 2B). Similar differences were observed with lymphocytes 
from humans and chimpanzees (Figures 2C and 2D). These re- 
sults indicate that typhoid toxin exhibits strong binding prefer- 
ence for NeuSAc-terminated glycans, which are predominant 
in human cells. 

Incorporation of NeuSGc Renders Human Cells 
Resistant to Typhoid Toxin 

Although human cells lack NeuSGc, they can metabolically 
incorporate this sialic acid if supplied into the cell culture medium 
(Tangvoranuntakul et al., 2003). To investigate the biological sig- 
nificance of typhoid toxin glycan selectivity, we compared the 
binding of fluorescently labeled typhoid toxin to human Henle- 
407 epithelial cells that had been grown in media supplemented 
with NeuSGc or NeuSAc. Predictably, growth in the presence of 
NeuSGc significantly altered the sialic acid composition in these 
cells resulting in up to 60% of the total sialic acid containing 
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Table 1. Analysis of Fine Ligand Specificity of Native Typhoid 
Toxin by a Customized Siaiogiycan Microarray 




Mean Relative 
Fluorescence 
Units (n = 4) 


Glycan Structure 


Sia = 
Neu5Ac 


Sia = 
Neu5Gc 


Siaa3Gaip3GlcNAcp3Gaip4GlcpO(CH2)3NH2 


34,441 


25 


Sia9Aca3Gaip3GlcNAcpO(CH2)3NH2 


23,120 


73 


Siaa3Gaip3GlcNAcpO(CH2)3NH2 


20,664 


156 


Siaa3Gaip3GalNAcaO(CH2)3NH2 


17,100 


88 


Siaa8Siaa3Gaip4GlcpO(CH2)3NH2 


15,821 


134 


Siaa3Gaip4GlcpO(CH2)3NH2 


14,781 


108 


Sia9Aca3Gal p3Gal N AcaO(CH 2 ) 3 N H 2 


13,299 


42 


Siaa3Gaip3GalNAcpO(CH2)3NH2 


12,564 


147 


Siaa3Gaip4GlcNAcpO(CH2)3NH2 


10,468 


114 


Sia9Aca3Gaip4GlcNAcpO(CH2)3NH2 


10,076 


30 


Siaa6Gaip4GlcpO(CH2)3NH2 


9,605 


79 


Sia9Aca3Gal p3Gal N Ac pO(CH 2 ) 3 N H 2 


8,993 


72 


Siaa3(Neu5Aca6)Gaip4GlcpO(CH2)3NH2 


8,205 


246 


Sia9Aca3Gaip4GlcpO(CH2)3NH2 


6,730 


76 


Sia9Aca6Gaip4GlcpO(CH2)3NH2 


6,619 


56 


Sia9Aca3GaipO(CH2)3NH2 


3,513 


152 


Siaa3GaipO(CH2)3NH2 


3,040 


182 


Sia9Aca6Gaip4GlcNAcpO(CH2)3NH2 


2,160 


89 


Siaa6GaipO(CH2)3NH2 


2,078 


125 


Siaa6Gaip4GlcNAcpO(CH2)3NH2 


1,979 


229 


Siaa3Gaip4(Fuca3)GlcNAcpO(CH2)3NH2 


1,633 


51 


Siaa3Gaip4(Fuca3)GlcNAc6SpO(CH2)3NH2 


827 


96 


Sia9Aca6GaipO(CH2)3NH2 


592 


133 


Siaa3Gaip4GlcNAc6SpO(CH2)3NH2 


511 


80 


Siaa6GalNAcaO(CH2)3NH2 


470 


200 


Sia9Aca6GalNAcaO(CH2)3NH2 


217 


49 



Neu5Gc (Figure 3A). In contrast, cells grown in standard media or 
supplemented with Neu5Ac had almost undetectable levels of 
Neu5Gc (Figure 3A). Consistent with its reduced binding affinity 
to Neu5Gc terminated glycans, typhoid toxin binding and toxicity 
was markedly reduced in cells grown in the presence of Neu5Gc 
(Figures 3B-3D and S2). In contrast, levels of toxin binding and 
cytotoxicity were slightly increased in cells grown in media sup- 
plemented with Neu5Ac in comparison to cells grown in stan- 
dard media (Figures 3B-3D and S2). Equivalent results were 
observed in Jurkat T cells, which display a different glycoprotein 
receptor for typhoid toxin (Song et al., 2013) (Figures 3E-3FI). 
These results indicate that the abundance of Neu5Gc on the sur- 
face glycans render cells less permissive for toxin binding and 
therefore resistant to typhoid toxin. 

Constitutive Expression of NeuSGc Renders Mice 
Resistant to Typhoid Toxin 

Although wild-type mice express a fully functional CMAH and 
can express Neu5Gc, most of their tissues contain a significant 
amount of Neu5Ac as well, presumably due to low expression 



of CMAH in some cells (Hedlund et al., 2007). Consistent with 
this observation, Cmah~'~ mice (Hedlund et al., 2007) did not 
exhibit significantly higher susceptibility to typhoid toxin, 
showing equivalent levels of weight loss, white blood cell deple- 
tion, and time to death compared to those observed in wild-type 
animals (Figures 4A-4D). In fact, these mice exhibited a slightly 
reduced susceptibility to the toxin, which is most likely due to 
the presence of high levels of Neu5Ac-containing glycoproteins 
in the sera of these animals, which may provide protection 
against toxicity by competing with toxin binding to tissue recep- 
tors (Beddoe et al., 201 0). We therefore tested the susceptibility 
to typhoid toxin of mice engineered to constitutively overexpress 
CMAH in all tissues (Cmah^^) (Figures 4A-4D). We reasoned that 
the forced expression of CMAH would result in the predominant 
display of Neu5Gc on the surface of all cells and thus confer pro- 
tection against intoxication. Consistent with this hypothesis, 
Cmah^^ mice were completely resistant to systemic administra- 
tion of toxin amounts much higher than those that would be lethal 
for wild-type mice (Figure 4D). Also consistent with these obser- 
vations, the binding of fluorescently labeled typhoid toxin was 
undetectable in tissues from Cmah*^ mice but was readily detect- 
able in tissues from wild-type and Cmah~'~ mice (Figure S3). 

Typhoid Toxin Does Not Bind to Chimpanzee Tissues 

Previous studies have shown that chimpanzees can be experi- 
mentally infected with S. Typhi (Edsall et al., 1960; Metchnikoff 
and Besredka, 1911). However, infected animals did not develop 
the typical symptomatology associated with typhoid fever, such 
as the presence of stupor and extreme lethargy, showing instead 
a course of disease that was mild and brief. We found that, con- 
trary to human tissues, toxin binding to chimpanzee organ tissue 
sections was nondetectable (Figure 5). This is explained by the 
observation that chimpanzee cells predominantly display 
Neu5Gc-terminated glycans on their surface and are therefore 
not permissive for toxin binding. These results are consistent 
with the hypothesis that the lack of pathognomonic typhoid fever 
symptomatology observed in chimpanzees experimentally in- 
fected with S. Typhi is due to the inability of typhoid toxin to 
gain access to target cells. 

The Crystal Structure of Typhoid Toxin B Subunit PItB 
Bound to Its Sialic Acid Ligand Reveais Structurai Bases 
for Its Binding Specificity 

To gain insight into the structural bases for typhoid toxin’s bind- 
ing specificity, we determined the atomic structure at 1 .92 A res- 
olution of PItB bound to GalNAc(31-4(Neu5Aca2-8Neu5Aca2-3) 
Gaipi-4Glc (Figures 6A and 6B; Table S2), which previous 
studies have shown binds typhoid toxin with high affinity (Song 
et al., 2013). Clear electron density corresponding to the 
(Neu5Aca2-8Neu5Aca2-3)Gal trisaccharide was unambiguously 
observed at the canonical glycan-binding sites in two of the five 
subunits of the PItB pentamer (Figures 6A-6C). Because the 
glycan-binding sites of every subunit are identical, absence of 
binding to some subunits is most likely due to their limited 
accessibility because of crystal packing. No specific contacts 
between the galactose moiety and PItB were observed in the 
structure (Figure S4). In contrast, the first of the two Neu5Ac moi- 
eties interacts through multiple direct hydrogen bonds and 
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Figure 2. Typhoid Toxin Binding to Red 
Blood Cells and Lymphocytes from Humans 
and Chimpanzees 

(A) Relative levels of Neu5Ac/Neu5Gc in human 
and chimpanzee red biood celis (RBCs). 

(B) Binding of different amounts of typhoid toxin to 
human and chimpanzee RBCs. 

(C) Reiative ievels of Neu5Ac/Neu5Gc in human 
and chimpanzee iymphocytes. 

(D) Binding of typhoid toxin to human and chim- 
panzee iymphocytes. Simiiar resuits were ob- 
tained in severai independent repetitions of the 
experiments. RFI, reiative fluorescence intensity. 
PBS, phosphate buffered saiine. 



and suggest an evolutionary pathway by 
which this toxin restricted its binding to 
human-specific glycans. 



Toxin binding (RFI) 
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water-mediated hydrogen bonds with Tyr33, Ser35, Lys59, 
Thr65, and ArglOO in PItB (Figure 6D). In addition, the first 
Neu5Ac sugar ring makes hydrophobic contacts with the aro- 
matic rings of Tyr33 and Tyr34. The second Neu5Ac contacts 
PItB through direct and water-mediated hydrogen bonds with 
Ser35, Asp36, Lys59, Asn61, Ser63, Ala130, and Thr131 of the 
glycan-binding domain (Figure S4). Consistent with their impor- 
tance in carbohydrate binding, mutations in Tyr33, Ser35, and 
Lys59 drastically disrupted typhoid toxin activity (Figures 6E 
and S5). Some toxin B subunits undergo conformational 
changes upon binding their glycan receptors (Sixma et al., 
1 992). To investigate this possibility, we solved the atomic struc- 
ture of the apo form of PItB at 2.08 A resolution. Comparison of 
the atomic structures of the receptor-bound and apo forms of 
PItB indicates that binding to glycan receptors does not result 
in marked conformational changes in PItB (Figure S6). 

Typhoid toxin’s PItB shares its oligosaccharide-binding fold 
with the B subunits of other AB5 toxins such as subtilase cyto- 
toxin’s SubB (Byres et al., 2008; Song et al., 2013). However, 
SubB exhibits the opposite specificity, strongly favoring binding 
to Neu5Gc-terminated glycans (Byres et al., 2008). Therefore, 
comparison of the atomic structures of PItB and SubB bound to 
their glycan receptors afforded us an opportunity to obtain insight 
into the structural bases for the binding specificity. The arrange- 
ment of the main chain of Neu5Ac relative to the binding pocket of 
PItB is very similar to that of Neu5Gc bound to SubB (Byres et al., 
2008), and many of the critical interactions between the glycans 
and specific residues of PItB and SubB are conserved (Figure 6F). 
However, a residue equivalent to Tyr78 in SubB, which forms a 
critical hydrogen bond with the extra hydroxyl group in Neu5Gc 
is missing from PItB (Figure 6F). Instead, at this position PItB 
has the nonpolar residue Vail 03 and thus is unable to interact 
with Neu5Gc. These findings provide a structural explanation 
for typhoid toxin’s inability to bind Neu5Gc-terminated glycans 



Unlike most other Salmonella enterica se- 
rovars, which can infect a broad range of 
hosts, S. Typhi can only infect humans, in 
whom it causes typhoid fever, a severe, often lethal disease. The 
process by which S. Typhi has lost its ability to explore other 
niches and evolved to cause disease only in humans is incom- 
pletely understood and likely to be multifactorial (Jacobsen 
et al., 2011; Sabbagh et al., 2010). The S. Typhi genome 
sequence exhibits an unusually high number of pseudogenes, 
suggesting that genome reduction most likely played a central 
role in its adaptation to a single host (Parkhill et al., 2001). For 
example, the interaction of Salmonella enterica with host cells 
is largely dictated by two type III secretion systems (T3SS), 
which deliver bacterial effector proteins into host cells to modu- 
late cellular functions (Galan, 2001; Ibarra and Steele-Mortimer, 
2009; Srikanth et al., 2011; Waterman and Holden, 2003). 
Although these systems are highly conserved across different 
Salmonella serovars, the effectors they deliver are not, and 
S. Typhi expresses a significantly smaller number of effector pro- 
teins than most other serovars. One of the missing effectors from 
S. Typhi is GtgE, which is involved in neutralizing a host restric- 
tion pathway that prevents its growth in macrophages of nonper- 
missive species (Spano et al., 2011). 

S. Typhi host specificity, however, is not exclusively due to its 
inability to replicate within nonpermissive hosts. For example, 
unlike mice, chimpanzees were found to be permissive for 
S. Typhi replication, and experimental infections showed that 
in these animals it reached levels equivalent to those observed 
in infected humans (Edsall et al., 1960; Metchnikoff and Bes- 
redka, 1911). However, chimpanzees did not develop the typical 
symptomatology of typhoid fever indicating that factors other 
than pathogen restriction contribute to S. Typhi’s host speci- 
ficity. Previous studies have shown that typhoid toxin is central 
for the development of pathognomonic symptoms of typhoid fe- 
ver (Song et al., 2013). We have shown here that typhoid toxin 
exhibits strong selectivity for Neu5Ac-terminated glycans, pre- 
dominantly expressed in human cells, over Neu5Gc-terminated 
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glycans, which are predominantly expressed by most other 
mammals. Therefore, the exquisite binding selectivity of typhoid 
toxin for glycans predominantly expressed in human cells pro- 
vides an explanation for the inability of S. Typhi to cause typhoid 
fever in some nonpermissive species like chimpanzees, which 
allow significant bacterial replication. 

The extreme specificity for human glycans exhibited by 
typhoid toxin is striking and unprecedented among bacterial 
toxins. The bacterial toxin subtilase, expressed by some strains 
of E. coli, exhibits the opposite specificity and its B subunit 
strongly favors binding to Neu5Gc-terminated glycans (Byres 
et al., 2008), which is consistent with the broad host specificity 
of this pathogen. Comparison of the crystal structures of subti- 



Figure 3. Typhoid Toxin Binds to and Is 
Cytotoxic toward Cells Displaying NeuSAc-, 
But Not to Those Displaying NeuSGc-, 
Terminated Glycans 

Human intestinal epithelial Henle-407 cells (A-D) 
and human T lymphocyte Jurkat cells (E-H) were 
left untreated (medium only) or fed NeuSAc or 
NeuSGc in a culture medium for 4 days. Cells were 
then analyzed by HPLC to examine their relative 
sialic acid composition (A and E), or used in typhoid 
toxin binding (B and F) and toxicity assays by 
examining the cell cycle profile of toxin-treated 
cells (C, D, G, and H). Data in (D) and (H) are the 
mean ± SEM; ***p < 0.0001, compared to the 
percent of control (medium-treated) cells in G2/M 
in the same group. 

See also Figure S2. 



lase B subunit SubB bound to NeuSGc 
with the structure of PItB bound to 
NeuSAc revealed that the arrangement 
of the main chain of the two glycans rela- 
tive to their binding pockets is very similar 
and many of the critical interactions be- 
tween the glycans and specific residues 
of PItB and SubB are highly conserved. 
However, PItB lacks a residue equivalent 
to Tyr78 in SubB, which forms a critical 
hydrogen bond with the extra hydroxyl 
group in NeuSGc. Because in all likeli- 
hood PItB evolved from a NeuSGc-bind- 
ing ancestor, this finding suggests that 
only subtle changes in the glycan-binding 
site would have been necessary to drasti- 
cally change typhoid toxin’s binding 
specificity and host range. However, 
mutagenesis analysis of PItB suggests a 
more complex picture since changing 
Val103 to Tyr in PItB (equivalent to Tyr78 
in SubB) resulted in a loss of function 
rather than in a change in binding speci- 
ficity (Figure S7). Additional structures of 
PItB bound to different glycans will be 
required to fully understand the evolution 
of typhoid toxin’s exquisite binding spec- 
ificity. Nevertheless, from the host perspective, it is remarkable 
that a single oxygen atom could have such a dramatic impact 
on pathogenicity. 

We have shown here that a toxin produced by a human- 
specific pathogen has evolved to selectively bind human sialo- 
glycans. This is a remarkable example of virulence factor adap- 
tation to a specific host that provides major insight into the 
process of host adaptation of the human pathogen S. Typhi. 
Given typhoid toxin’s central role in the development of typhoid 
fever, these observations provide the bases for novel therapeu- 
tic strategies and may help the development of an animal 
model for the study of typhoid fever and the pathogenesis of 
typhoid toxin. 
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Figure 4. Mice Engineered to Constitutively Express CMAH, Resulting in Elevated Levels of NeuSGc in All Tissues, Are Resistant to Typhoid 
Toxin 

Purified preparations of wild-type typhoid toxin or a binding-defective mutant (PltB^^^"^) were systemically administered into mice defective in {Cmah~'~) or 
constitutively expressing CMAH {Cmah^^) or control (C57BL/6) mice. 

(A-C) Four days after treatment their total weight (A) and the total number of white cells (WBC) (B, top panel) or neutrophils (B, bottom) were measured as 
indicated in Experimental Procedures. Black circles represent the percentage of the weight of an animal relative to its weight immediately before treatment 
(A). Circulating white blood cells were counted in a hematology analyzer (B). Alternatively, peripheral blood cells from animals that had received the indicated 
treatments were stained with an antibody directed to the neutrophil cell marker Gr1 and the number of stained cells was determined by flow cytometry (C). 
The histograms shown are from ungated samples. Similar results were obtained in several independent repetitions of the experiment. RFI, relative fluo- 
rescence intensity. TT, typhoid toxin. WT, wild-type. Data in (B) are the mean ± SEM; ***p < 0.0001, **p < 0.002 (relative to the buffer control in the same 
group). 

(D) Survival of mice after administration of different amounts of typhoid toxin. PBS, phosphate buffered saline. The difference in the survival curves of PBS versus 
toxin-treated (all concentrations) control and Cmah“^“ animals was statistically significant (p < 0.001; log-rank Mantel-Cox test). The difference between the 
survival curves in control and Cmah“^“ mice after administration of 2 i^g of toxin was statistically significant (p < 0.001). However, after administration of 10 i^g of 
toxin the difference between the survival curves in control and Cmah“^“ mice was not statistically significant (p < 0.6). 

See also Figure S3. 
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Figure 5. Typhoid Toxin Does Not Bind to Chimpanzee Tissues 

Frozen sections of small intestine from humans or chimpanzees were stained with fluorescently labeled typhoid toxin or its binding-defective mutant (red) 

and counterstained with Hoechst (blue). Scale bar represents 100 i^m. 



EXPERIMENTAL PROCEDURES 
Typhoid Toxin Expression and Purification 

Expression and purification of typhoid toxin was carried out as previously 
described (Song et al., 2013). Plasmids expressing PItB point mutations 
were constructed using standard recombinant DNA techniques. 

Crystallization 

Expression and purification of C-terminal 6x His-tagged PItB used for crystal- 
lization have been described previously (Song et al., 2013). Initial spare matrix 
crystallization trials of full-length PItB protein preparations (5.5 mg ml“^) were 
carried out at the Yale University School of Medicine Structural Biology Core 
facility. After crystal optimization trials, full-length PItB crystals appeared in 2 
to 3 days and matured in ^1 week at room temperature using the hanging- 
drop vapor-diffusion method in a mix of 1 ia.1 of protein with 1 \x\ of reservoir 
solution consisting of 26% (w/v) PEG1500 and 0.1 M sodium acetate, 
pH5.0. Native PItB crystals were soaked by the addition of GD2 in different 
concentrations (from 1 mM to 50 mM). In most cases, the crystals broke 
upon addition of the sugar, even at sugar concentration of 1 mM. In very few 
cases, crystal debris large enough to be mounted on the X-ray source were ob- 
tained, which diffracted to ~3 A. 

X-Ray Data Collection and Structure Determination 

All data were collected at a wavelength of 1 .541 8 A on a Rigaku Homelab sys- 
tem at the Yale University Chemical and Biophysical Instrumentation Center 
(CBIC) (http://cbic.yale.edu). Data were integrated and scaled using the 
HKL-2000 package (Otwinowski and Minor, 1997). Further processing was 
performed with programs from the CCP4 suite (Collaborative Computational 
Project, Number 4, 1994). The apo and GD2 bound PItB structures were 
both determined by molecular replacement using PHASER (McCoy et al., 
2007) with the atomic coordinates of chain A of typhoid toxin (Song et al., 
2013) (Protein Data Bank [PDB] ID 4K6L) as the initial search model. To com- 
plete the model, manual building was carried out in COOT (Emsiey and Cow- 
tan, 2004). Figures were prepared using PyMol (DeLano, 2002). The structure 
refinement was done by PHENIX (Adams et al., 2010). The data collection and 
refinement statistics are summarized in Table S2. Coordinates for the atomic 
structures have been deposited in the RCSB Protein Data Bank under PDB 
numbers 4RHR and 4RHS. 

Alexa 555 Typhoid Toxin Labeiing 

Purified wild-type and PltB^^^"^ mutant typhoid toxins were fluorescently 
labeled with Alexa-555 (Invitrogen) according to the vendor’s recommenda- 
tion. Purified typhoid toxin preparations (1 i^g/ml in 500 ^il of 1 00 mM bicarbon- 
ate buffer) were incubated for 1 hr at room temperature (RT) with reactive dye 
and applied to a size exclusion chromatography column to separate dye-pro- 
tein conjugates from free dye. Degree of labeling was determined by 
measuring the absorbance of the conjugate solution at 280 and 555 nm. Effi- 
ciency of labeling was equivalent for both wild-type and PltB^^^’^ toxin prepa- 
rations (4:1 dye/holotoxin ratio for both preparations). The typhoid holotoxin’s 
predicted extinction coefficient is 191,400 M“'' cm“\ 



Glycan Microarray Analysis 

Glycan microarrays were fabricated using epoxide-derivatized glass slides as 
previously described (Padler-Karavani et al., 2014). Printed glycan microarray 
slides were blocked by ethanolamine, washed and dried, and then fitted in a 
multiwell microarray hybridization cassette (Arraylt) to divide into subarrays. 
The subarrays were blocked with Ovalbumin (1% w/v) in PBS (pH 7.4) for 
1 hr at RT in a humid chamber with gentle shaking. Subsequently, the blocking 
solution was discarded, and diluted wild-type or mutant typhoid toxin samples 
(Alexa Fluor 555-labeled) were added to each subarray. After incubating the 
toxins for 2 hr at RT with gentle shaking, the slides were extensively washed 
to remove nonspecifically bound proteins. The developed glycan microarray 
slides were then dried and subjected to scanning by a Genepix 4000B micro- 
array scanner (Molecular Devices) immediately. Data analysis was done using 
the Genepix Pro 7.0 analysis software (Molecular Devices). 

Typhoid Toxin-Sialoglycan Binding Affinity Measured by Microscaie 
Thermophoresis 

The binding affinity of typhoid toxin to different glycans was measured using 
microscale thermophoresis as previously described (Wienken et al., 2010). 
Briefly, NT-647 fluorescently labeled typhoid toxin was incubated with a 
wide range of concentrations (1 2 ^iM to 400 mM over 1 5 2-fold serial dilutions) 
of Neu5Aca2-3Gal|31-4Glc, at room temperature for 30 min in the dark. After 
equilibrium, the mixtures were loaded into 16 hydrophilic glass capillaries 
and the microscale thermophoresis analysis was performed using the Mono- 
lith NT.115 (Nano Temper). Data were analyzed and binding affinities were 
determined by the Nano Temper analysis software package. The sialoglycan 
underlying structure, Gaipi-4Glc (lactose), was used as a control under the 
same conditions. 

Mammalian Cell Culture Conditions 

Henle-407 human intestinal epithelial and Jurkat human T lymphocyte cells 
were cultured in DMEM high glucose + 10% FBS and RPMI1640 + 10% 
FBS + 1 mM sodium pyruvate + 10 mM HEPES, respectively. All mammalian 
cells were kept at 37°C in a cell culture incubator with 5% CO 2 . Metabolic 
incorporate of Neu5Ac or Neu5Gc was carried out as previously described 
(Tangvoranuntakul et al., 2003). Briefly, cells were cultured in a standard me- 
dium supplemented with 1 0 mM Neu5Ac or 1 0 mM Neu5Gc (Inalco) as follows. 
Henle-407 (1.5 x 10"^) or Jurkat (1 x 10^) cells were seeded into 12-well culture 
plates in 1 ml media with or without 10 mM sialic acid. A stock solution of 
50 mM sialic acid was freshly prepared in a DMEM medium whose final pH 
was adjusted to neutral with NaOH. During the feeding period, the cells were 
continuously monitored and maintained below 80% confluence. After 3 days 
of growth, cells were split into 12-well plates at a cell density of 1.5 x 10"^ 
(Henle-407) or 1 x 10^ (Jurkat) cells per well. The next day the cells were 
used for different assays as described below. 

High-Performance Liquid Chromatography 

High-performance liquid chromatography (HPLC) analysis of sialic acids was 
carried out as previously described (Tangvoranuntakul et al., 2003). Briefly, 
sialic acids were released from glycans by hydrolysis with acetic acid, filtered 
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through a 10K Microcon filter unit (Millipore) and then derivatized by 1,2-dia- 
mino-4, 5-methylene dioxybenzene (DMB) at 50°C for 2.5 hr in the dark. Result- 
ing samples were analyzed by HPLC using a C1 8-column. 

Typhoid Toxin Binding Assay 

Cultured cells grown under different conditions (see above) were harvested, 
washed with Hank’s balanced salt solution (HBSS), and resuspended in 
100 [i\ HBSS containing 0.3 (for cultured Henle-407 or Jurkat cells) or 
0.5 i^g (for human and chimpanzee primary cells) of Alexa 555-labeled 
wild-type or mutant toxin preparations. Cells were incubated in the presence 
of the labeled toxin preparations for 15 min on ice and immediately analyzed 
by flow cytometry. The binding profiles were analyzed using Flowjo 
(Treestar). 

Mammaiian Ceii Intoxication Assay 

Cell-cycle arrest after typhoid toxin intoxication was examined by flow cytom- 
etry as previously described (Spano et al., 2008). Briefly, after treatment with 
6xHis-tagged typhoid toxin for 66 hr for Henle-407 or 18 hr for Jurkat cells, 
cells were trypsinized, collected, washed, and fixed for 2 hr in ~70% 
ethanol/PBS at -20°C. Fixed cells were washed with PBS and resuspended 
in 500 1^1 of PBS containing 50 i^g/ml propidium iodide, 0.1 mg/ml RNase A, 



Figure 6. Crystal Structure of Typhoid Toxin 
B Subunit PItB Bound to Its Sialic Acid 
Ligand 

(A) The atomic structure of the PItB pentamer in 
complex with the GalNAcpi-4(Neu5Aca2- 
8Neu5Aca2-3)Gaipi-4Glc oligosaccharide is 
shown as a ribbon cartoon with each protomer 
depicted in a different color. In the PItB pentamer, 
only partial oligosaccharide density (Neu5Ac- 
Neu5Ac-Gal) is seen in Chain C (purple) and E 
(yellow). Cyan sticks represent the sugar carbon 
atoms, blue sticks represent nitrogen atoms, and 
red sticks represent oxygen atoms. 

(B) Surface charge distribution of the PItB pen- 
tamer structure and sugar-binding pockets. 

(C) Close-up views of Neu5Ac-Neu5Ac-Gal and its 
composite annealed omit difference density map. 
PItB chain E and its key residue Ser35 are shown in 
yellow. Green mesh represents the sugar differ- 
ence density map contoured at 2.5a. 

(D) Interactions between PItB and Neu5Ac. Chain 
E of PItB is shown as a yellow colored ribbon 
cartoon, the amino acids interacting with the sugar 
are shown as sticks, and the direct interactions are 
shown in black dash. Water is shown as gray balls 
and water- mediated interactions are shown as 
purple dashes. 

(E) Structure/function analysis of the PItB glycan- 
binding site. Typhoid holotoxin toxin preparations 
containing the indicated PItB mutants were tested 
for their ability to intoxicate cultured Henle-407 
cells. Toxicity was evaiuated by determining the 
percentage of ceils arrested at the G2/M phase of 
the cell cycle, which is a measure of typhoid 
toxin’s CdtB activity. Data are the mean ± SEM; 
***p < 0.0001, compared to the percent cells 
treated with wild-type toxin that are in G2/M. 

(F) Comparison of the sugar binding sites of PItB 
and SubB bound to Neu5Ac and Neu5Gc, 
respectively. Critical residues that differ between 
SubB (Tyr78) and PItB (Vail 03) are highlighted as 
sticks. Other interacting amino acids and sugars 
are shown in lines. PItB is shown in yellow, Neu5Ac 
in Cyan, SubB in Green, and Neu5Gc in light purple. 
See also Figures S4, S5, S6, and S7 and Table S2. 

and 0.05% Triton X-100. After incubation for 40 min at 37°C, celis were 
washed with PBS, resuspended in 500 [i\ PBS, fiitered, and analyzed by a 
flow cytometry. The DMA content of treated cells was determined using Flowjo 
program (Treestar). 

Mouse Intoxication Experiments 

All mouse experiments were conducted according to protocols approved by 
Yale University’s Institutional Animal Care and Use Committee. Age- and 
sex-matched 5- to 7-week-oid C57BL/6 (wiid-type), Cmah~'~ (Jackson Labo- 
ratory), or Cmah^^ mice were intravenousiy injected with 100 [i\ solutions 
containing PBS aione, or either 2 |o.g or 10 i^g of the indicated purified toxin 
preparations. Changes in behavior, weight, and survival of the toxin-injected 
mice were closeiy monitored and to minimize bias, biind end-point assess- 
ment was appiied to ail the experiments. 

Blood Counting 

Biood samples were collected by heart puncture 4.5 days after toxin treatment 
in Microtainer tubes coated with EDTA as an anticoagulant (BD), kept at room 
temperature, and analyzed within 2 hr after blood collection using a Hemavet 
950FS hematology analyzer (Drew Scientific). Blood counts were analyzed by 
GraphPad Prism (GraphPad Software). 
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Peripheral Blood Cell Preparation, Immunostaining, and Fiow 
Cytometry Anaiysis 

Peripheral blood samples of typhoid toxin-treated and control mice were 
collected into tubes coated with EDTA, incubated with 1 ml ACK buffer 
(BioWhittaker), incubated for 5 min, washed with 2 ml PBS, and centrifuged 
to collect peripheral blood leukocytes (PBLs). After a repetition of the red 
blood cell removal step, PBLs were washed, and were immediately incu- 
bated for 30 min on ice with 100 i^l of anti-mouse Ly-6G (Gr-1) antibody 
conjugated with FITC (eBioscience, 11-5931-81). PBLs were then washed 
with 2 ml of FACS buffer (PBS, 0.16% BSA), resuspended in 100 \x\ FACS 
fixation buffer (PBS, 1% paraformaldehyde, 1% FCS), and used for flow 
cytometric analyses on BD accuri C6 (BD Biosciences). Peripheral blood 
samples from humans and chimpanzees were collected into EDTA tubes. 
Erythrocytes were separated from peripheral blood monocytic cells 
(PBMC) by Ficoll-Paque Plus. Erythrocytes in the PBMC layer were lysed 
by ACK buffer, and monocytes were removed by anti-CD14 beads (MACS 
Miltenyi Biotec). 

Typhoid Toxin Binding to Human, Chimpanzee, and Mouse Tissues 

Cryosections of frozen tissue samples from human, chimpanzee and the 
different mouse strains, were overlaid with AF555-labeled wild-type typhoid 
toxin or the PltB^^^"^ mutant. After incubation in a covered humid chamber 
for 1 hr at room temperature, the slides were washed to remove nonbound 
toxins and the sections were fixed using 10% neutral buffered formalin. The 
nuclei were counterstained using Hoechst and the slides were washed and 
mounted in aqueous mounting media (VectaMount). Digital photomicrographs 
were taken using a Keyence BZ9000 fluorescence microscope (BIOREVO, BZ- 
9000, Keyence). 

Statistical Analysis 

Two-tailed Student’s t tests were performed in order to determine the statisti- 
cal significance of experimental changes from control values. A p value < 0.05 
was considered as statistically significant. 
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SUMMARY 

Penicillin and related beta-lactams comprise one of 
our oldest and most widely used antibiotic therapies. 
These drugs have long been known to target en- 
zymes called penicillin-binding proteins (PBPs) that 
build the bacterial cell wall. Investigating the down- 
stream consequences of target inhibition and how 
they contribute to the lethal action of these important 
drugs, we demonstrate that beta-lactams do more 
than just inhibit the PBPs as is commonly believed. 
Rather, they induce a toxic malfunctioning of their 
target biosynthetic machinery involving a futile cycle 
of cell wall synthesis and degradation, thereby de- 
pleting cellular resources and bolstering their killing 
activity. Characterization of this mode of action ad- 
ditionally revealed a quality control function for en- 
zymes that cleave bonds in the cell wall matrix. The 
results thus provide insight into the mechanism of 
cell wall assembly and suggest how best to interfere 
with the process for future antibiotic development. 

INTRODUCTION 

Penicillin and related beta-lactam drugs are one of our oldest 
and most widely used antibiotic classes. They have long been 
known to interfere with bacterial cell wall assembly as part of 
their mode of action (Park and Strominger, 1957). The cell wall 
is an essential polysaccharide structure that surrounds most 
bacterial cells and protects their cytoplasmic membrane from 
osmotic rupture. It is built from the polymer peptidoglycan 
(PG), which consists of glycan chains with attached peptides 
used to crosslink adjacent glycans to form a matrix structure 
(Figure 1A). 

Beta-lactams disrupt PG biogenesis by inactivating enzymes 
called penicillin-binding proteins (PBPs) (Tipper and Strominger, 
1965). Bacteria encode a variety of PBPs that participate in PG 
assembly (Sauvage et al., 2008). The high-molecular-weight 
PBPs are the major PG synthases. They are subdivided into 
class A (aPBPs) and class B (bPBPs) enzymes (Figure IB). 
aPBPs are bifunctional and possess both glycosyltransf erase 
(GT) activity for polymerizing the glycan strands and transpepti- 
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dase (TP) activity for crosslinking them. bPBPs, on the other 
hand, are only known to possess TP activity. The primary target 
of beta-lactams is the TP active site of the synthetic PBPs, which 
is covalently modified by the drug. In addition to the PG syn- 
thases, beta-lactams also inhibit the low-molecular-weight 
PBPs. These factors belong to a large and diverse family of en- 
zymes that cleave bonds in the PG matrix. Such enzymes, often 
referred to as PG hydrolases, are typically nonessential, but have 
been found to play important roles in morphogenesis (Uehara 
and Bernhardt, 2011). 

The lethal activity of beta-lactams is thought to stem princi- 
pally from the loss of wall integrity accompanied by cell lysis 
(Park and Strominger, 1957). According to the most widely 
accepted model, cell wall damage following beta-lactam treat- 
ment results from a drug-induced imbalance between the activ- 
ities of cell wall synthases and hydrolases (Schwarz et al., 1969; 
Tomasz and Waks, 1975; Tomasz et al., 1970). This view is sup- 
ported by the observation that PG hydrolase inactivation can 
prevent or delay beta-lactam-induced cell lysis (Chung et al., 
2009; Heidrich et al., 2002; Tomasz, 1979; Tomasz and Waks, 
1975; Tomasz et al., 1970; Uehara et al., 2009). However, 
surprisingly little mechanistic insight underlies this general 
framework for drug action. It remains largely unclear which PG 
hydrolases disrupt the wall following drug treatment and whether 
these autolysins are “induced” to damage the wall or are simply 
carrying out their normal physiological function in the absence of 
TP activity. Clues suggesting a more complex mode of action for 
beta-lactams than simple TP inhibition have also been reported. 
Surprisingly, in Streptococcus pneumoniae mutants blocked for 
cell lysis, beta-lactam treatment still promoted cell death with ki- 
netics similar to lysing cells (Moreillon et al., 1990). Additionally, 
in Escherichia coii, beta-lactams were unexpectedly shown to 
cause a depletion of lipid-linked cell wall precursors prior to 
cell lysis (Kohlrausch and Hoitje, 1991). 

The lysis-independent effects of beta-lactams indicate that 
much remains to be learned about the events following TP inhi- 
bition and how they contribute to the killing activity of this vital 
class of antibiotics. These events have been difficult to elucidate 
because the effect of drug treatment on cell growth and mor- 
phology varies depending on the organism studied and on the 
number of different PBPs inhibited by the beta-lactam derivative 
used (Spratt, 1 975). We overcame this challenge by studying the 
activity of mecillinam, a beta-lactam specific for a single essen- 
tial PBP in the model gram-negative bacterium Escherichia coii 
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(Spratt, 1975). Our analysis revealed that, beyond simply inhibit- 
ing the TP activity of PBPs, mecillinam and other beta-lactams 
stimulate a deleterious futile cycle of cell wall synthesis and 
degradation by their target machineries that contributes to their 
lethal activity. Additional genetic analysis identified the enzyme 
responsible for beta-lactam-stimulated degradation of nascent 
PG. Characterization of the in vivo activity of this factor suggests 
a novel “quality control” function for cell wall cleaving enzymes 
in PG biogenesis. Our findings thus provide new insight into 
the cell wall assembly process in addition to uncovering an 
important mechanism by which beta-lactam antibiotics induce 
cell death. 

RESULTS 



Figure 1. Peptidoglycan Structure and the 
Machines that Synthesize It 

(A) The PG matrix consists of glycan chains with 
the repeating unit of N-acetylmuramic acid (Mur- 
NAc, M) and N-acetylglucosamine (GIcNAc, G). 
Attached to the MurNAc sugars are peptides 
(colored circles) used to form crosslinks between 
adjacent glycans. 

(B) Domain structure of the PG synthases. Both 
classes of PBPs have a single transmembrane 
domain with a large catalytic domain in the peri- 
plasm. 

(C and D) Schematics highlighting the components 
of the two main PG synthetic systems in rod-sha- 
ped bacteria. Both systems require a dedicated 
bPBP (PBP2 or PBPS) and a SEDS (shape/elon- 
gation/division/sporulation) family protein (RodAor 
FtsW) for proper function. See text for details. 



Rod system function is normally 
required for viability (Bendezu and de 
Boer, 2008; Kruse et al., 2005). Inactiva- 
tion of any of the essential components 
(MreB, MreC, MreD, PBP2, or RodA), 
causes cells to form spheres that fail to 
divide and eventually lyse. This lethal 
phenotype can be suppressed by over- 
production of the division protein FtsZ, 
with the Rod" FtsZ^'^ cells growing and dividing as small spheres 
(Bendezu and de Boer, 2008; Kruse et al., 2005; Vinella et al., 
1992). However, the mechanism by which increased FtsZ con- 
centration suppresses the lethality of Rod system inactivation 
is not clear. In addition to genetic inactivation. Rod system func- 
tion can also be blocked with the small molecules A22 (Gitai 
et al., 2005) or mecillinam (Spratt, 1975) (Figure 2A). A22 inacti- 
vates MreB (Gitai et al., 2005), and mecillinam is a beta-lactam 
that is specific for the TP active site of PBP2 (Spratt, 1975). 
Because PBP2 can be rendered nonessential by the overpro- 
duction of FtsZ (Vinella et al., 1993) (Figure 2B), we reasoned 
that studies of mecillinam presented a unique opportunity to 
study the consequences of PBP inhibition by beta-lactams un- 
der conditions where the target is not required for growth. 



Rationale 

Like many rod-shaped bacteria, E. coli grows using two different 
PG biogenesis systems (Typas et al., 2012) (Figures 1C and ID). 
The actin-like MreB protein and its partners constitute the Rod 
system, which catalyzes the insertion of new PG material along 
the cell body to promote cell elongation (Typas et al., 201 2) (Fig- 
ure 1C). The tubulin-like FtsZ protein, on the other hand, orga- 
nizes the divisome to synthesize PG for the new daughter cell 
poles (de Boer, 2010) (Figure ID). Each of these machineries 
requires an essential bPBP for their activity: PBP2 for the Rod 
system and PBPS for the divisome (Typas et al., 2012) (Figures 
1B-D). Proper PG biogenesis by these systems in E. coli is 
also thought to require the aPBPs, PBPIa and PBPIb, to pro- 
mote glycan chain polymerization and crosslinking (Typas 
et al., 2012) (Figures 1 B-1 D). 



Mecillinam Induces a Lethal Malfunctioning of the 
Rod System 

The lethal effects of inactivating MreB with A22 are suppressed 
by the low-copy vector pTB63, from which the ftsQAZ operon is 
expressed via its native promoters (a condition we will hence- 
forth designate as FtsZ^'^) (Bendezu and de Boer, 2008) (Fig- 
ure 2C). Surprisingly, however, FtsZ^'^ cells remained sensitive 
to mecillinam (Figure 2C). Thus, blocking PBP2 function with me- 
cillinam is lethal even under conditions where the protein itself 
is not essential (Figure 2B). This observation suggested that, 
beyond inactivation of the TP activity of PBP2, mecillinam is 
also conferring a dominant-negative function to the inactivated 
protein. We reasoned that this toxic activity of inhibited PBP2 
may stem from the malfunctioning of the Rod system. To test 
this hypothesis, we treated cells with both mecillinam and A22 
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Figure 2. Mecillnam Induces a Lethal Malfunctioning of the Rod System 

(A) Shown are the chemical structures of A22 and mecillinam. 

(B) Conditional essentiality of PBP2. Cultures of strain HC439/pHC817 [ApdpA P\ac’-’-pbpA] harboring either a vector control (pSC101, vector) or a derivative 
(pTB63, FtsZ^P) were serially diluted and spotted on LB agar with either 1 mM IPTG (PBP2 replete) or agar without inducer (PBP2 depletion). Plates were 
incubated overnight at 30°C and photographed. C. Cultures of strain MG1655 [WT] harboring either pSC101 or pTB63 were serially diluted and spotted on LB 
agar as in part B. Agar was supplemented with A22 (10 |ag/ml), mecillinam (1 i^g/ml), or both drugs as indicated. 



to simultaneously inactivate the Rod system and the TP domain 
of PBP2. Indeed, inactivation of MreB with A22 in FtsZ^^ cells 
completely suppressed the toxicity of mecillinam (Figure 2C). 
Genetic inactivation of the Rod system was also found to restore 
growth to FtsZ^'^ cells treated with mecillinam (Figure S1 avail- 
able online). The contribution of Rod system malfunction to the 
lethal action of mecillinam was also apparent for cells lacking 
pTB63. Addition of mecillinam to a culture of wild-type cells led 
to a drop in culture ODeoo and a loss of viability that was reduced 
in severity by cotreatment with A22 (Figures S2A and S2B). The 
production of a PBP2 variant with a defective TP active site 
[PBP2(S330A)] also killed FtsZ^^ cells (Figure S2C), and this 
toxicity could also be suppressed by A22 treatment (Figure S2C). 
Thus, the toxicity induced by mecillinam is specific for PBP2 in- 
hibition, and not the result of an off-target activity. We conclude 
that blocking the TP activity of PBP2 causes the Rod system to 
malfunction in a manner that contributes to the lethal activity of 
mecillinam. 

A Futile Cycle of PG Synthesis and Turnover Is 
Responsible for Mecillinam Toxicity 

Results from Uehara and Park (2008) previously found that me- 
cillinam treatment induced the degradation of newly synthesized 
PG while A22 blocks synthesis. We suspected that the observed 
turnover of nascent PG was key to the lethal mode of action of 
mecillinam. We therefore monitored PG synthesis and turnover 
using similar procedures to those of Uehara and Park (2008). 
Cells were metabolically labeled with [^H]-/77eso-diaminopimelic 
acid (mDAP), an amino acid unique to the peptide moiety of PG 



(Figure 3A), following which, PG synthesis can be readily 
measured by monitoring the production of the major cytoplasmic 
precursor UDP-MurNAc-pentapeptide (UDP-MurNAc-peps) and 
the incorporation of label into the PG matrix. pH]-mDAP labeling 
can also be used to quantify PG turnover. The major degradation 
products of PG are disaccharide fragments liberated by lytic 
transglycosylases (LTs) (Fisher and Mobashery, 2014) (Fig- 
ure 3A). Rather than hydrolyzing the glycosidic bond, these en- 
zymes promote the formation of an anhydro linkage between 
the Cl and C6 positions of MurNAc to generate GIcNAc-anhy- 
dro-MurNAc-peptides (GIcNAc-^'^^MurNAc-peptide). These de- 
gradation products are normally imported and processed by a 
number of enzymes in the cytoplasm for recycling (Fisher and 
Mobashery, 201 4) (Figure 3A). We therefore used a strain lacking 
the amidase AmpD to trap PG turnover products and allow the 
quantification of PG degradation without complications of com- 
plete recycling (Uehara and Park, 2008) (Figure 3A). 

To specifically monitor the effect of drug treatment on PG syn- 
thesis and degradation by the Rod system, divisome activity was 
blocked during the radiolabeling by expression of the FtsZ 
antagonist SulA prior to the addition of antibiotic(s). After 5 min 
of growth in the presence of drugs, pH]-mDAP was added to 
the medium and growth was continued for 10 min (1/10^^ of a 
mass doubling). Cells were then harvested and extracted with 
hot (90°C) water. Soluble compounds (PG precursors and degra- 
dation products) were separated and quantified by HPLC and ra- 
diodetection. Material incorporated into the PG matrix was 
quantified as radioactive material released from the cell pellet 
by lysozyme treatment. 
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Figure 3. Measurement of PG Synthesis and 
Turnover following Mecillinam Treatment 

(A) Schematic summarizes the PG synthesis and 
recycling pathways. Sugars and peptides are 
represented as in Figure 1A. The composition of 
the pentapeptide of the cytoplasmic precursors is 
L-Ala-gamma-D-Glu-meso-diaminopimelic acid 
(mDAP)-D-Ala-D-Ala. UDP-sugars are first made in 
the cytoplasm before being transferred to the lipid 
carrier undecaprenol-phosphate (Und-P). The final 
precursor lipid II is the substrate used by the PBPs 
to form PG. As a result of the crosslinking mech- 
anism and the activity of carboxypeptidase en- 
zymes that remove the terminal D-Ala, the PG layer 
consists primarily of glycans with tet rape pt ides. 
The turnover product circled in red will accumulate 
in a AampD strain if nascent PG is degraded during 
a pulse labeling experiment. See text for details. 

(B) Measurement of PG synthesis and turnover by 
the Rod system. Cells of TU278 [A/ysA AampD] or 
its As/f derivative (HC419) as indicated producing 
SulA to block cell division were pulse labeled with 
pH]-mDAP following treatment with the indicated 
drug(s) (10 [ig/m\ each when added). Soluble me- 
tabolites were separated by HPLC and detected 
using an in-line radiodetector. The resulting chro- 
matograms are shown. Peaks are labeled with 
schematics of the corresponding compounds. The 
identity of each peak is based on the results shown 
in Figure S3. See text for details. 



In untreated cells, robust incorporation of label into the PG ma- 
trix was observed (Figure 4). Very little of the newly synthesized 
material was degraded as evidenced by the small amount of 
labeled ^'^^MurNAc-peptides detected relative to the precursor 
pools (Figures 3B, 4, and S3). As reported by Uehara and Park 
(2008), we found the effects of A22 treatment differed dramati- 
cally from those induced by mecillinam. In cells treated with 
A22, incorporation of radiolabel into mature PG was significantly 
reduced as expected. This defect was accompanied by in- 
creased pools of the PG precursors mDAP and labeled UDP- 
MurNAc-peps (Figures 3B, 4, and S3), suggestive of a late stage 



block in the synthesis pathway. Only a 
modest increase in ®^^MurNAc-peptide 
accumulation was observed following 
A22 treatment, indicating that the drop in 
label incorporation into the PG matrix re- 
sulted primarily from the inhibition of PG 
synthesis. Similarly, in cells treated with 
mecillinam, incorporation of label into 
PG was also greatly reduced (Figures 3B 
and 4). However, as expected from the re- 
sults of Uehara and Park (2008), a large 
pool of labeled turnover products was de- 
tected in mecillinam-treated samples 
(Figures 3B and 4). This observation con- 
firms the conclusion that, rather than 
blocking PG synthesis by the Rod system 
likeA22, mecillinam induced the degrada- 
tion of nascent PG material produced by 
the machine. Given that A22 suppressed the toxicity of mecilli- 
nam, we wondered if it would also block the apparent futile cycle 
of nascent PG synthesis and turnover induced by this beta-lac- 
tam. This indeed proved to be the case (Figures 3B and 4), 
thus linking the induction of nascent PG turnover with the lethal 
mode of action of mecillinam. 

PBP inhibition by beta-lactams was previously found to 
decrease cellular levels of the final PG precursor, lipid II (Kohl- 
rausch and Hbitje, 1991). Based on in vitro PBP assays, it was 
recently suggested that the decline in lipid II concentration 
may result from the stimulation of glycan strand synthesis 
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Figure 4. Quantification of PG Synthesis 
and Turnover following Beta-Lactam Treat- 
ment 

Cells of TU278 [AlysA AampD] or its As/f derivative 
(HC419) were grown, radiolabeled, and analyzed 
as in Figure 3. The amount of UDP-MurNAc-pen- 
tapeptide and total anhydromuropeptides pro- 
duced were quantified from the area under the 
peaks in HPLC chromatograms. Radiolabel incor- 
poration into PG was determined by quantifying 
the amount of label released from cells by lyso- 
zyme. Antibiotic concentrations used were: me- 
cillinam (10 M-g/ml), A22 (10 pg/ml), cephalexin 
(10 pg/ml), and cefsulodin (100 pg/ml). Results are 
the average of three independent experiments with 
the error bars representing the standard deviation. 
The drop in precursor levels between untreated 
and mecillinam-treated WT cells is significant (p < 
0.005). See text for details. 



when TP activity is blocked (Banzhaf et al., 201 2). A dual mode of 
action for beta-lactams was thus proposed where TP inhibition 
and substrate depletion act synergistically to promote efficient 
bacterial killing (Banzhaf et al., 2012). Our results indicate that 
the futile-cycle of PG synthesis and turnover induced by beta- 
lactams is likely to be the main driver of the PG precursor deple- 
tion observed here and by others (Kohlrausch and Hoitje, 1991; 
Uehara and Park, 2008) (Figure 3B and 4). To investigate the 
contribution of precursor depletion to the lethal activity of mecil- 
linam, we generated strains that overexpress uppS or murA, 
which encode enzymes required for the synthesis of the lipid- 
carrier Und-P or UDP-MurNAc, respectively (Figure 3A). Impor- 
tantly, both strains gained partial resistance to mecillinam 
(Figure S2D). Additionally, studies by D’Ari and colleagues (Vine- 
lla et al., 1 993) showed that high-level overproduction of FtsZ (a 7 
X increase from pZAQ [Begg et al., 1998], as opposed to a 2x 
increase from pTB63 [Bernhardt and de Boer, 2005]), a condition 
where the divisome may more effectively compete with the Rod 
system for PG precursors, can partially suppress the lethal ac- 
tion of mecillinam. We conclude that mecillinam not only blocks 
the TP active site of PBP2, but by doing so, induces a futile cycle 
of cell wall synthesis and turnover by the Rod system that con- 
tributes to its bactericidal activity, at least in part, by depleting 
PG precursor pools. 

Futile Cycle Induction Is a Common Property of 
Beta-Lactams 

We investigated whether inhibiting PBPs other than PBP2 also 
stimulates the degradation of nascent PG. Cephalexin is a 
beta-lactam that preferentially targets PBP3, the cell division- 
specific bPBP (Spratt, 1 975). To monitor the effect of cephalexin, 
we used a modified version of the labeling method described 
above. Instead of blocking division with SulA, cell cultures 
were treated with A22 to block Rod system activity prior to 
pH]-mDAP addition. This procedure allowed us to focus the 
analysis on divisome-mediated PG synthesis. In the absence 
of cephalexin, robust incorporation of label into PG by the divi- 
some was detected, but with a higher basal level of PG turnover 



than when the activity of the Rod system was monitored (Figures 
4 and S4A). This observation is consistent with previous results 
(Uehara and Park, 2008), and most likely reflects the activity of 
the cell separation PG hydrolases. Importantly, just as with me- 
cillinam, cephalexin treatment led to a dramatic increase in the 
degradation of nascent PG (Figures 4 and S4A). 

The effect of blocking the TP activity of aPBPs was analyzed 
using cefsulodin, a beta-lactam that is specific for PBPIa and 
PBPIb (Curtis et al., 1979). Using labeling conditions identical 
to those for the mecillinam studies, we also observed a signifi- 
cant increase in nascent PG turnover upon cefsulodin treatment 
(Figures 4 and S4B). However, this increase was not accompa- 
nied by a corresponding drop in label incorporation into the PG 
matrix, presumably because PBP2 and other components of 
the Rod system remain functional when the TP activity of aPBPs 
is blocked. We conclude that the induction of nascent PG degra- 
dation is a common property of beta-lactams regardless of the 
growth process or class of PBP they target. 

Sit Is Responsible for Nascent PG Turnover following 
Beta-Lactam Treatment 

We reasoned that a genetic selection for mutants resistant to me- 
cillinam might reveal the cell-wall-degrading enzyme responsible 
for the nascent PG turnover induced by beta-lactams. Notably, 
selections for mecillinam-resistance were performed many years 
ago by several laboratories (Spratt, 1975; Vinella et al., 1992; 
Wachi et al., 1987). This genetic analysis was instrumental in 
the initial identification of the genes encoding the Rod system 
(mreBCD, pbpA, and rodA). In retrospect, however, these selec- 
tions were more complicated than originally appreciated because 
they were carried out in genetic backgrounds with wild-type FtsZ 
levels. Thus, based on our current understanding, these early me- 
cillinam-resistance selections were actually demanding mutants 
with two changes: (1) those that increase FtsZ levels to render 
the Rod system nonessential, and (2) those that generate defects 
in the Rod system or other factors in order to alleviate the toxicity 
of the futile cycle of PG synthesis and degradation. Consistent 
with this view, the classic mecillinam-resistant mutants mre-A29 
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and mre-67S with lesions in the mreBCD operon (Wachi et al., 
1987) were shown to produce elevated levels of FtsZ (Bendezu 
and de Boer, 2008). Therefore, to simplify the genetic analysis, 
we revisited the selections for mecillinam resistance in an FtsZ^'^ 
genetic background. 

MG1655/pTB63 cells were mutagenized with a transposon 
and plated on LB agar supplemented with mecillinam. Similar 
to prior studies, two classes of resistant mutants were isolated: 
those that remained spherical in the absence of mecillinam 
and those that regained rod shape when the drug was removed. 
As expected, all of the permanently spherical mutants pos- 
sessed transposon insertions that mapped to genes encoding 
components of the Rod system (data not shown). Mutants in 
the second class, however, retained rod-shaped without mecil- 
linam and therefore must have a functional Rod system. We 
suspected that a subset of these mutants were likely to harbor 
insertions in genes important for the degradation of nascent 
PG following mecillinam treatment. One such mutant had an 
insertion in the sit gene encoding a periplasmic cell-wall-degrad- 
ing enzyme called Soluble Lytic Transglycosylase (Sit). 

Because LTs cleave glycan strands to generate the 
^'^^MurNAc-peptide products that accumulate following beta- 
lactam treatment, we focused on the sit mutant. To test whether 
Sit was responsible for beta-lactam-induced turnover of nascent 
PG, we performed the radiolabeling assay in a As/f strain. 
Without treatment, the loss of Sit function did not affect net PG 
synthesis by either the Rod system or the divisome, but the basal 
rate of turnover in each case was reduced (Figure 3B and 4). 
Significantly, following mecillinam or cephalexin treatment, the 
As/f strain displayed a dramatically reduced level of nascent 
PG turnover relative to the WT strain. Moreover, inactivation of 
Sit restored wild-type levels of PG incorporation into the matrix 
of mecillinam-treated cells (Figure 4). Sit also appeared to be 
important for PG turnover in cefsulodin-treated cells, but unlike 
the situation with drugs that inactivate bPBPs, a significant 
proportion of the turnover following aPBP inhibition was found 
to be Sit independent (Figure 4). Notably, the turnover products 
produced upon cefsulodin treatment had a much greater 
^'^^MurNAc-pentapeptide content (25%) than those observed 
following mecillinam treatment (4%) (Figures 3B and S4B). This 
observation suggests that uncrosslinked, nascent PG with a 
relatively high proportion of pentapeptides is formed by the cef- 
sulodin-treated cells and that such material is subject to destruc- 
tion by LTs other than Sit. Nevertheless, we conclude that Sit is 
likely to be the major enzyme responsible for nascent PG turn- 
over following beta-lactam treatment. 

Differential Effect of Sit Inactivation on Mecillinam 
Sensitivity Depending on FtsZ Levels 

Curiously, in contrast to our results. Sit inactivation was previ- 
ously found to result in mecillinam hypersensitivity rather than 
resistance (Templin et al., 1992). Flowever, in a separate study, 
loss of Sit function was shown to increase mecillinam resistance 
in a Salmonella typhimurlum mutant already partially resistant to 
the drug (Costa and Anton, 2006). Because the original observa- 
tion of mecillinam hypersensitivity for a As/f mutant was made 
with otherwise wild-type cells, and our selection for resistance 
was performed with FtsZ^*^ cells, we suspected that the apparent 



contradiction was related to cellular FtsZ concentration. Indeed, 
we confirmed that for cells lacking Sit and producing normal 
levels of FtsZ, the minimal inhibitory concentration (MIC) of me- 
cillinam is almost ten times lower (0.04 iig/ml) than that of wild- 
type cells (MIC = 0.3 |ig/ml). Conversely, as expected from our 
genetic analysis, FtsZ^*^ cells defective for Sit showed much 
higher resistance to mecillinam (MIC >10 iig/ml) than those 
with functional Sit (MIC = 0.3 |ig/ml). The change in mecillinam 
sensitivity of As/f cells relative to wild-type as a function of 
FtsZ levels was readily visualized on solid medium (Figure 5A). 
Importantly, As/f cells are not generally more sensitive to agents 
that target the Rod system; wild-type cells and a strain inacti- 
vated for Sit displayed the same A22 sensitivity (Figure S5A). 

How can Sit inactivation result in both hypersensitivity and 
resistance to mecillinam? To investigate this conundrum, we 
compared the effect of mecillinam on the growth and mor- 
phology of wild-type and As/f cells with and without increased 
FtsZ production. Microscopic analysis following treatment with 
mecillinam for 3 hr revealed that cells lacking Sit undergo a 
morphological change at a much lower mecillinam concentration 
than wild-type cells. Moreover, the concentration of drug that 
leads to this shape defect was strongly correlated with the con- 
centration that induces a growth defect in As/f cells (Figures 5 
and S6). As with the growth phenotype, the morphology of As/f 
cells was only hypersensitive to mecillinam; wild-type and As/f 
cells were found to undergo shape changes at equivalent A22 
concentrations (Figure S5). It has been well documented that 
the loss of rod shape results in cell division defects and poor 
growth unless FtsZ is overproduced (Bendezu and de Boer, 
2008). We therefore conclude that the mecillinam hypersensitiv- 
ity of As/f cells with normal FtsZ levels results from the morpho- 
logical changes and consequent division inhibition induced by 
low doses of drug. On the contrary, when As/f cells have elevated 
FtsZ levels, they overcome the adverse effects of the shape 
alterations just as mutants with defects in the Rod system are 
suppressed by FtsZ overproduction. 

Aberrant PG Crosslinking in As/t Ceiis Treated with 
Meciilinam 

The shape change observed for As/f cells at low doses of me- 
cillinam suggests that when uncrosslinked PG produced by 
beta-lactam-targeted synthetic complexes is not destroyed by 
Sit, it can be misincorporated into the PG matrix to alter 
morphology. To investigate this possibility, we analyzed the 
composition of purified cell walls (sacculi) isolated from wild- 
type or As/f cells following mecillinam treatment. In wild-type 
cells, the total amount of PG isolated following mecillinam treat- 
ment was reduced as expected, but the composition of the iso- 
lated material, including the relative degree of crosslinking, did 
not change dramatically (Figure 6A and Table SI). The muro- 
peptide profile of sacculi from untreated As/f cells was similar 
to that observed for wild-type PG. However, following mecilli- 
nam treatment, major alterations were observed (Figure 6B 
and Table SI). Strikingly, muropeptides with PBP-generated 
crosslinks, those linked via the fourth residue of one peptide 
and the third residue of the other (a 4-3 crosslink), were almost 
completely depleted from mecillinam-treated As/f sacculi. 
This loss was accompanied by a corresponding increase in 
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Figure 5. Effect of Mecillinam on the Growth and Morphology of Cells Defective for Sit 

(A) Cells of MG1655 [WT] or HC408 [As/f] harboring either pSC101 (vector) or pTB63 (FtsZ^^) were grown overnight, diluted, and spotted on agar containing the 
indicated concentration of mecillinam as described for Figure 2B. 

(B) The same cells were grown to exponential phase and diluted to an ODeoo of 0.025 into LB medium containing the indicated concentration of mecillinam. 
Growth was continued for an additional 3 hr and the cells were fixed. The fixed cells were then imaged on agarose pads using DIG optics. Scale bar, 4 microns. 



muropeptides with an alternative 3-3 (mDAP-mDAP) crosslink 
formed by L,D-transpeptidases. Thus, the failure to degrade 
uncrosslinked PG produced by beta-lactam-targeted synthetic 
machines indeed results in the aberrant incorporation of PG 
into the matrix. We conclude that the observed misincorpora- 
tion is most likely responsible for the shape defects induced 
in As/t cells treated with low levels of mecillinam. Furthermore, 
the accompanying drug hypersensitivity displayed by these 
mutants suggests that, in cells with wild-type levels of FtsZ, 
the shape changes induced by PG misincorporation are worse 
for viability than the consequences of the futile cycle, at least at 
low drug concentrations. Accordingly, the growth of As/f cells 
with the vector control is more adversely affected by low doses 
of drug than the corresponding WT cells (Figure S6). At higher 
drug concentrations, however, functional Sit becomes detri- 
mental, presumably due to the increased burden of the futile 
cycle as a higher proportion of Rod complexes become tar- 
geted (Figure S6). 



DISCUSSION 

A Common Theme for the Mode of Action of 
Bactericidal Drugs 

Bactericidal drugs promote cell death while bacteriostatic 
agents merely stop bacterial growth. Antibiotics belonging to 
both general categories interfere with essential cellular pathways 
or enzymes. However, studies of the mode of action of clinically 
important drugs in the aminoglycoside and fluoroquinolone clas- 
ses provide examples of how bactericidal agents typically do 
more than just inhibit their target enzymes. Aminoglycosides 
disable the proofreading capacity of the ribosome, causing the 
production of mistranslated proteins that are ultimately thought 
to cause irreversible membrane damage and death (Davis, 
1987). Similarly, fluoroquinolones bind to DMA gyrase and topo- 
isomerase IV, leading to the formation of stable drug-enzyme- 
DNA complexes that block DMA replication and promote the 
formation of double-strand breaks (Hooper, 2001). Thus, rather 
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Figure 6. Muropeptide Composition of PG following Mecillinam Treatment 

Cells of MG1655 [WT] (A) or HC408 [As/f] (B) were grown to an ODeoo of approximately 0.5 and diluted 1:20 into fresh LB medium with or without mecillinam 
(10 iag/ml) as indicated. Growth was continued for an additional 3 hr and PG sacculi were prepared from cells of each culture. The purified PG was then digested 
with the muramidase mutanolysin and the resulting muropeptides were reduced and analyzed by LC/MS. Total ion count chromatograms are shown with the 
chromatograms of the mecillinam-treated samples off-set for clarity. Note that the scales of each chromatogram are not identical. They were scaled to show the 
relative muropeptide composition rather than the total amount of material. For example, the total peak area in the chromatogram from mecillinam-treated WT cells 
is one third that of the corresponding untreated sample even though an equivalent of twice the volume was injected. Schematics of several major muropeptide 
products are shown near their corresponding peaks with the numbers referring to the type of crosslink (4-3 v.s. 3-3). The identities for all labeled peaks and the 
quantification of their relative amounts are listed in Table SI. The results were reproducible over two biological replicates of each sample and three technical 
replicates for each biological replicate. 



than simply inhibiting an essential activity, these drugs disrupt 
key functions of their target such that the activity of the crippled 
enzyme or multicomponent machine becomes toxic and re- 
duces viability. Whether beta-lactams elicit a similar toxic mal- 
functioning of their target has remained unclear. 

The widely accepted view of the mode of action of beta-lac- 
tams is that by inhibiting the TP activity of the PBPs, these drugs 
simply disrupt the balance between PG synthases and the action 
of PG hydrolases working to expand the cell wall matrix (Tomasz, 
1979). Here, we show that beta-lactams derange the process in 
a more direct and insidious manner than this general framework 
suggests. Our results indicate that TP inhibition induces the turn- 
over of nascent PG material produced by the targeted complex. 
In the case of PBP2 targeting by mecillinam, we clearly show that 
this turnover contributes significantly to the lethal action of the 
drug by inducing the depletion of cellular PG precursor pools 
such that even nontargeted PG synthetic complexes are likely 
to be adversely affected by beta-lactam treatment. Our findings 
thus connect the killing mechanisms of three important and 
widely used antibiotics (aminoglycosides, fluoroquinolones, 
and beta-lactams); they all stimulate a dominant-negative activ- 
ity in their target pathway to induce systemic toxicity. Further- 



more, all three drug classes typically function against multiple 
targets: aminoglycosides target ribosomes made from rRNA en- 
coded by several genetic loci per genome (Davis, 1987), fluoro- 
quinolones target gyrase and topoisomerase IV (Hooper, 2001), 
and beta-lactams typically target several different PBPs in a 
given organism (Curtis et al., 1979). It has been discussed previ- 
ously that interfering with the activity of multiple cellular targets is 
an important property of monotherapies needed to reduce the 
incidence of mutational resistance (Silver, 2011). However, the 
potential benefit of such therapies inducing a dominant-negative 
activity in the affected pathway in addition to hitting multiple tar- 
gets has been under appreciated. The combination of these 
properties likely enhances antibiotic effectiveness because, 
even if one of the targets is mutationally altered to block drug 
binding, the sensitivity and lethal malfunctioning of the other tar- 
gets will be dominant over the lone resistant allele. Thus, the prin- 
ciples learned from this and other studies of the mode of action 
of our classic antibacterial therapies indicate that, rather than 
searching for simple inhibitors of essential enzymes as has 
been common practice, antibiotic discovery efforts should 
ideally be seeking new molecules that induce a lethal malfunc- 
tioning of multiple cellular targets. 
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Figure 7. Role of Sit in Maintaining Coordi- 
nation between GT and TP Activity during 
PG Biogenesis 

Shown is a schematic highlighting the role of Sit in 
PG biogenesis. (A) The normal synthetic process 
with properly coupled GT and TP activities. The new 
glycan strands (brown) are polymerized from lipid- 
linked precursors (black zig-zag line) by an enzyme 
with GT activity (pink) that may either be the ca- 
nonical domain of an aPBP or an as yet unidentified 
GT enzyme. The newly polymerized glycans are 
rapidly crosslinked into the mature matrix (green) by 
an associated TP activity shown here as a bPBP, but 
it could also be the TP domain of an aPBP. Other 
components of the putative synthetic complex 
including cytoskeletal elements were omitted for 
simplicity. When the TP active site is damaged or 
targeted by a beta-lactam (B), GT activity continues 
to produce glycan chains that are no longer cross- 
linked into the matrix. In WT cells (C), such strands 
are targeted for destruction by Sit. Conversely, in 
cells inactivated for Sit (D), the uncrosslinked gly- 
cans produced by the damaged/targeted machinery 
are not degraded, but are instead aberrantly incor- 
porated into the matrix by an alternative crosslinking 
enzyme. In cells with normal FtsZ levels, the resulting 
morphological changes are lethal, leading to beta- 
lactam hypersensitivity of SIt-defective cells. 



A Potential Role for Sit as a Quality Control Enzyme in 
PG Biogenesis 

In addition to revealing novel features of the beta-lactam killing 
mechanism, our findings also shed significant new light on the 
process of PG biogenesis. Pulse-labeling studies of PG assem- 
bly indicate that nascent PG material is rapidly crosslinked into 
the mature matrix (Burman and Park, 1983; Glauner and Hoitje, 
1990), indicating a tight coupling between GT and TP activities. 
Such an orderly insertion mechanism is likely critical for the main- 
tenance of proper cell shape and integrity. Here, we show that 
the inhibition of TP activity by beta-lactams functions to uncouple 
glycan polymerization from crosslinking, leading to the gene- 
ration of uncrosslinked glycan strands (Figure 7). Our results 
indicate that this nascent material is rapidly degraded in an Slt- 
dependent manner, setting up a futile cycle of synthesis and 
degradation (Figure 7). Mutants defective for other PG cleaving 
enzymes were not isolated in selections for mecillinam resis- 
tance. Additionally, nascent PG turnover was largely eliminated 
in the absence of Sit. We therefore conclude that Sit is likely to 
be directly responsible for destroying the uncrosslinked material 
produced by the beta-lactam-targeted synthetic machinery. 

How Sit is activated to degrade uncrosslinked PG is not 
known. Importantly, affinity chromatography studies identified 
a potential interaction of Sit with PBPs 1b, 2, and 3 in E. coli 
(von Rechenberg et al., 1996; Romeis and Hoitje, 1994), sug- 
gesting that the turnover we observe may be stimulated by asso- 
ciation with the beta-lactam-targeted synthases. Additionally, 
Sit is known to have a doughnut-like structure with the active 
site oriented toward a central hole wide enough to accommo- 
date only a single uncrosslinked glycan chain (Thunnissen 
et al., 1 994). Thus, the enzyme may have a strong substrate pref- 
erence for uncrosslinked glycan chains, a possibility that is sup- 



ported by the observation that pretreatment of purified cell wall 
sacculi with an endopeptidase stimulates the release of soluble 
material by Sit (Romeis and Hoitje, 1994). This apparent sub- 
strate preference may contribute to its role in the futile cycle in 
addition to, or independent of, an interaction with the PBPs. 
Notably, Sit functions primarily as an exoglycosidase (Beachey 
et al., 1981) with some detectable endoglycosidase activity 
(Lee et al., 2013). Although it has been argued that Sit degrades 
glycan chains from an anhydro-MurNAc end (van Asselt et al., 
1999), the structural data are also consistent with Sit processing 
glycan strands from the nonreducing end as has been demon- 
strated biochemically. We therefore envision that Sit may either 
recognize an existing, free nonreducing end of an uncrosslinked 
glycan, or, in the case of partially crosslinked material, it could 
create such an end with its weak endoglycosidase activity, fol- 
lowed by the degradation of the remaining uncrosslinked glycan 
chain. 

The physiological role of Sit has remained mysterious for some 
time. It has been implicated in the turnover of mature cell wall 
material and cell separation (Heidrich et al., 2002; Kraft et al., 
1 999). However, these functions have been ascribed to Sit based 
on the phenotypes of mutants lacking multiple PG processing 
enzymes, suggesting that they represent secondary activities. 
Clues to the likely primary physiological function of Sit were pro- 
vided by our analysis of the response of As/f cells to mecillinam 
treatment. In the absence of Sit, PG produced by mecillinam-tar- 
geted synthetic complexes was found to be aberrantly incorpo- 
rated into the PG matrix via the formation of alternative (3-3) 
crosslinks by non-PBP transpeptidases. Additionally, the mor- 
phology of As/f cells was dramatically altered following exposure 
to low doses of mecillinam, while the same treatment had little 
effect on the shape of wild-type cells. Because these drug 
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concentrations are well below the IC 50 for PBP2 (Curtis et al., 
1979), only a fraction of the cellular PBP2 pool is predicted to 
be inhibited in cells treated with this level of mecillinam. Thus, 
the morphological changes displayed by As/f cells exposed 
to low concentrations of mecillinam are unlikely to be due to 
general inhibition the Rod system. Instead, we conclude that 
misincorporation of uncrosslinked PG produced by mecillinam- 
targeted machines is likely to be responsible for the shape 
change of the mutant, most likely because the aberrant material 
creates a local defect in the matrix that interferes with the proper 
assembly or remodeling of PG by other (untargeted) machines. 
By extension, we infer that a major function of Sit is to prevent 
the stable accumulation of uncrosslinked glycan strands so 
that they are not aberrantly crosslinked into the mature matrix. 
Such an activity is consistent with a novel “quality control” or 
“repair” function that helps maintain cell shape and integrity. 

In our experimental system, low drug concentration most likely 
serves to mimic environmental damage to the synthetic machin- 
ery or other natural conditions resulting in the uncoupling of GT 
and TP activities. For example, uncrosslinked glycan strands 
might accumulate if synthetic complexes enter an area of the 
PG matrix with few peptides available to accept crosslinks. In 
these cases, we envision that glycan chain degradation by Sit 
might facilitate the exchange of a damaged TP for a functional 
one, and/or allow the release of stalled complexes tethered to 
a partially crosslinked glycan strand so that they can restart syn- 
thesis at other locations. In support of the latter possibility, 
recent studies indicate that bPBPs are likely to be dynamically 
associated with the synthetic machinery (Lee et al., 2014). 

An additional phenotype consistent with a quality control func- 
tion for Sit is the rapid lysis displayed by As/f cells treated with 
cephalexin (Templin et al., 1992). PBP3 inactivation normally re- 
sults in a division block and the formation of filamentous cells 
that lyse many mass doublings after cephalexin addition (Spratt, 
1 975). However, cells defective for Sit lyse rapidly following ceph- 
alexin treatment (Templin et al., 1992). Rapid lysis under these 
conditions is known to require the activity of the cell separation 
amidases (Heidrich et al., 2001). By analogy with mecillinam- 
treated cells, addition of cephalexin to As/f cells likely results in 
the production of stable uncrosslinked glycan strands that can 
be misincorporated by alternative crosslinking enzymes. Lysis 
may result because this misincorporated material mimics pro- 
ductive PG synthesis by the divisome such that the cell separa- 
tion enzymes are activated to process the malformed material 
resulting in a localized breach in the PG. Thus, in addition to 
shape maintenance, the proposed quality control function of Sit 
may also enforce the coupling of GT and TP activities to prevent 
the misactivation of PG hydrolases by damaged PG synthases. 
Taking this line of reasoning a step further, it is interesting to 
speculate that it may be the failure of Sit to process certain types 
of glycan strands (e.g., those with high pentapeptide content) that 
underlies the ability of some beta-lactam drugs to induce rapid 
cell lysis via the misactivation of autolytic PG hydrolases. 

Sit, Beta- Lactamase Induction, and Potential 
Combination Therapies 

Many gram-negative bacteria encode a beta-lactamase (AmpC) 
produced in response to beta-lactam treatment (Fisher and Mo- 



bashery, 2014). In some organisms, expression of the ampC 
gene is controlled by the transcriptional regulator AmpR (Jacobs 
et al., 1 997). Mutants defective for the AmpD amidase involved in 
cell wall recycling were found to overexpress ampC even in the 
absence of beta-lactams (Jacobs et al., 1994). This finding along 
with supporting in vitro transcription experiments has led to a 
model in which beta-lactam treatment leads to the accumulation 
of ^"^MurNAc-peptide turnover products in the cytoplasm that 
serve as a signal for ampC induction (Fisher and Mobashery, 
2014; Jacobs et al., 1997). It has been widely assumed that these 
recycling intermediates increase in concentration because beta- 
lactams induce general cell wall damage. Here, we have shown 
that targeting PG synthetic machines with beta-lactams causes 
nascent PG to be degraded by Sit, generating high levels of 
^'^'^MurNAc-peptides. Thus, rather than generic insults to the PG 
matrix, the ampR-ampC regulatory system is perfectly tuned to 
detect the futile cycle of PG synthesis and degradation induced 
upon TP inhibition. Importantly, based on the critical role 
observed for Sit in ampC induction (Kraft et al., 1 999) and the hy- 
persensitivity of SIt-defective mutants to beta-lactams (Templin 
et al., 1992), it has been proposed that Sit inhibitors may be useful 
in combination therapies with beta-lactams (Kraft et al., 1 999). Our 
results provide a mechanistic picture of what such combinations 
would likely accomplish. The downside of blocking Sit activity 
simultaneously with beta-lactam treatment would be loss of the 
toxic effects of the futile cycle and subsequent precursor deple- 
tion. However, what would be gained is an alternative malfunction 
of PG biogenesis caused by the accumulation of uncrosslinked 
glycan strands that can cause lysis or lethal shape changes as 
described above. Thus, inhibiting Sit function should indeed be 
an effective way to stymie beta-lactamase induction systems in 
gram-negative pathogens while still allowing beta-lactams to 
derange the PG biogenesis machinery to promote cell death. 

CONCLUSION 

Beta-lactams are arguably one of the most important therapeutic 
classes in the history of medicine. In this report, we present data 
that changes the view of how these drugs work. They are not 
simple inhibitors of cell wall synthesis as is commonly believed. 
Instead, they derange the activity of the PG biogenesis machin- 
ery to induce a futile cycle of PG synthesis and degradation that 
depletes cellular resources. While investigating the nature of the 
futile cycle, we uncovered what appears to be a new role for PG- 
cleaving enzymes as quality control factors that intervene when 
problems arise during PG synthesis. Overall, these new insights 
provide a mechanistic foundation that will not only help us better 
understand the process of cell wall biogenesis, but also how best 
to interfere with it for the development of novel antibacterial 
treatments. 

EXPERIMENTAL PROCEDURES 

Media, Bacterial Strains, Plasmids, and Culture Conditions 

Cells were grown in LB or minimal M9 medium supplemented with 0.2% casa- 
mino acids and carbon source (0.4% glycerol or 0.2% maltose) as indicated. 
The bacterial strains and plasmids used in this study are listed in Tables S2 
and S3, respectively. 
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Measurement of the Turnover of Newly Synthesized PG 

The effect of beta-lactams and A22 on the turnover of nascent PG was moni- 
tored by using A/ys/A AampD strains essentially as described previously (Ue- 
hara and Park, 2008). Cells of the relevant strains were grown overnight in 
M9-glycerol medium with 0.2% casamino acids. The resulting cultures were 
then diluted to an ODeoo of 0.04 in the same medium and grown to an ODeoo 
between 0.3-0. 4 at 30°C. For experiments measuring PG synthesis and turn- 
over by the Rod complex, sulA expression was induced from a chromosomally 
integrated plasmid (pHC739) for 30 min before drug treatment. The cultures 
were then treated with the indicated beta-lactams and/or A22 for 5 min after 
adjusting the culture ODeoo to 0.3. Following drug treatment, pH]-mDAP 
(1 laCi) was added to 1 ml of each culture for 10 min (1/10 of the doubling 
time) to label the newly synthesized PG and its turnover products. After the la- 
beling, cells were pelleted, resuspended in 0.7 ml water, and heated at 90°C 
for 30 min to extract water-soluble compounds. After the hot water extraction, 
insoluble material was pelleted by ultracentrifugation. The resulting superna- 
tant was then removed, lyophilized, and resuspended in 0.1% formic acid 
for HPLC analysis. To determine pH]-mDAP incorporated into the PG matrix, 
the pellet fraction was washed and treated with lysozyme. The suspensions 
were incubated overnight at 37°C. Insoluble material was then pelleted by 
centrifugation, and the resulting supernatant was subjected to scintillation 
counting. Similar procedures were used for measuring PG synthesis and turn- 
over by the divisome following cephalexin treatment except that Rod system 
activity was suppressed by treating the cultures with A22. See Supplemental 
Information for a detailed protocol. 

Muropeptide Analysis of PG Sacculi Isolated from 
Drug-Treated Cells 

Cultures of MG1655 and its Asit derivative, HC408, were diluted in 1 I of LB or 
LB containing 1 0 |ag/ml mecillinam to ODeoo of 0.025 and incubated at 30°C for 
3 hr with shaking. The ODeoo of each culture reached approximately 0.6 at the 
end of the growth period. PG was then purified from each culture and analyzed 
by LC/MS as described in Supplemental Information. 

SUPPLEMENTAL INFORMATION 

Supplemental Information includes Extended Experimental Procedures, six 
figures, and three tables and can be found with this article online at http:// 
dx.doi.org/1 0.1 01 6/j.cell.201 4.1 1 .01 7. 
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SUMMARY 

Macrophages are critical for innate immune defense 
and also control organ homeostasis in a tissue- 
specific manner. They provide a fitting model to 
study the impact of ontogeny and microenvironment 
on chromatin state and whether chromatin modifica- 
tions contribute to macrophage identity. Here, we 
profile the dynamics of four histone modifications 
across seven tissue-resident macrophage popu- 
lations. We identify 12,743 macrophage-specific 
enhancers and establish that tissue-resident macro- 
phages have distinct enhancer landscapes beyond 
what can be explained by developmental origin. 
Combining our enhancer catalog with gene expres- 
sion profiles and open chromatin regions, we show 
that a combination of tissue- and lineage-specific 
transcription factors form the regulatory networks 
controlling chromatin specification in tissue-resident 
macrophages. The environment is capable of 
shaping the chromatin landscape of transplanted 
bone marrow precursors, and even differentiated 
macrophages can be reprogramed when transferred 
into a new microenvironment. These results provide 
a comprehensive view of macrophage regulatory 
landscape and highlight the importance of the micro- 
environment, along with pioneer factors in orches- 
trating identity and plasticity. 

INTRODUCTION 

Macrophages are hematopoietic cells of the myeloid lineage that 
are specialized in phagocytosis and respond to diverse environ- 
mental signals (Epelman et al., 2014; Ginhoux and Jung, 2014; 
Lavin and Merad, 2013; van Furth et al., 1972). They actively 
maintain steady state by secreting and responding to cytokines 
and chemokines (Mortha et al., 2014; Zigmond et al., 2014). In 
addition, tissue-resident macrophages play important homeo- 
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static roles, depending on the tissue in which they reside. Micro- 
glia, the brain-resident macrophages, prune synapses during 
development (Paolicelli et al., 201 1 ; Schafer et al., 2012). Spleen 
red pulp macrophages phagocytose erythrocytes and recycle 
heme to maintain iron homeostasis (Chow et al., 2013; Kohyama 
et al., 2009). Peritoneal cavity macrophages regulate the pro- 
duction of gut immunoglobulin (Ig) A by interacting with perito- 
neal B1 cells (Okabe and Medzhitov, 2014). These studies, 
among others, highlight the plasticity of macrophages and their 
specialization to fulfill tissue-specific functions. 

Recent studies have demonstrated that most tissues are 
populated early during fetal development by macrophages that 
subsequently maintain themselves, independently of adult he- 
matopoiesis, through longevity and limited self-renewal (Gin- 
houx et al., 2010; Hashimoto et al., 2013; Schulz et al., 2012; 
Yona et al., 2013). Thus, most macrophages, although sharing 
a common lineage, take residence in tissues early during 
embryogenesis, and the respective macrophage compartments 
develop locally and independently from each other. A notable 
exception from this scheme is macrophages residing in the in- 
testine, as these cells are constantly replenished from mono- 
cytes even in steady state (Bain et al., 2014; Bogunovic et al., 
2009; Varol et al., 2009). Thus, distinct ontogeny is one defining 
feature of macrophages, but it is unclear to what extent it shapes 
macrophage identity. 

Emerging evidence indicates that environmental factors influ- 
ence the specialization of tissue-resident macrophages. Heme 
has been shown to induce Spi-c, a transcription factor (TF) im- 
portant for red pulp macrophage development (Haidar et al., 
2014; Kohyama et al., 2009). Retinoic acid (RA) stimulates 
Gata6 expression and thereby contributes to the regulatory pro- 
gram of peritoneal macrophages (Okabe and Medzhitov, 2014). 
Finally, TGF-p was shown to regulate a microglia expression 
program through Smad TFs (Abutbul et al., 2012; Butovsky 
et al., 201 4). These limited reports provide evidence that environ- 
ment can govern the expression of tissue-specific macrophage 
signatures. 

Epigenetic modification is one conduit through which on- 
togeny and environment can influence the development of 
macrophage identities. The chromatin landscape, among other 
epigenomic features of a differentiated cell type, reflects both 
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its developmental origin, as well as its future potential (Lara-As- 
tiaso et al., 201 4; Stergachis et al., 201 3; Winter and Amit, 201 4). 
Nucleosomes are the fundamental unit of chromatin consisting, 
of ~147 bases of DNA wrapped around a histone core. Nucleo- 
some-depleted regions, known as “open chromatin,” contain 
regulatory elements— such as promoters and enhancers— that 
play a critical role in gene regulation (Gross and Garrard, 
1988). Changes enacted by chromatin remodelers, such as nu- 
cleosome eviction or insertion, as well as the addition or deletion 
of histone modifications, have been linked to changes in the 
expression of nearby genes (Cirillo et al., 2002; Felsenfeld and 
Groudine, 2003). Many regulatory modifications are ubiquitous, 
but variations on a global scale generate the distinct chromatin 
landscape observed between cell types (Ernst et al., 2011; 
Heintzman et al., 2009). 

During development, pioneer TFs initiate chromatin accessi- 
bility to allow the binding of additional TFs (Cirillo et al., 2002; 
Garber et al., 2012). PU.1 has been implicated as a pioneering 
factor throughout hematopoietic development, especially in 
the myeloid lineage. In macrophages, PU.1 occupies most en- 
hancers, where it is necessary for the maintenance of methyl- 
ation on the fourth lysine of the H3 subunit (H3K4me1) (Ghisletti 
et al., 2010; Heinz et al., 2010). The cobinding of PU.1 with line- 
age-specific TFs orchestrates cell-type specificity by regulating 
expression and establishing the chromatin landscape (Heinz 
et al., 2010; Laslo et al., 2006). Cell-type-specific responses to 
stimuli are largely coordinated through activation by stimulus- 
triggered TFs that frequently bind to previously occupied 
“poised” enhancers (Garber et al., 2012; Ostuni et al., 2013). 
Poised enhancers may reflect past activity and persist 
throughout development or arise during lineage specification 
(Lara-Astiaso et al., 2014). Active enhancers mark the current 
state of a cell and can be distinguished by the presence of acetyl 
groups on the histone tails, particularly H3K27ac (Creyghton 
et al., 2010; Heintzman et al., 2007). Tissue-resident macro- 
phages provide a fitting model for examining how chromatin is 
programmed through development to allow for plasticity within 
a cell type to specify tissue-specific functions. 

Here, we profile the expression and chromatin landscape of 
seven populations of mouse macrophages isolated from distinct 
tissues to determine the contributions of ontogeny and envi- 
ronment to tissue-resident macrophage identity. Based on the 
distribution of histone modifications, we map the regulatory ele- 
ments of tissue-resident macrophages, including promoters, 
active enhancers, and poised enhancers. We compare candi- 
date enhancers marked with H3K4me1 in different macrophage 
populations with those found in monocytes or neutrophils. 
Through analyzing the distinct enhancer landscape of tissue- 
resident macrophages, we assess the impact of developmental 
origin and local microenvironment and identify several potential 
regulators from TF-binding motifs within these regions. We 
further assess the essential contribution of tissue environment 
by replacing endogenous macrophages with adult bone-mar- 
row-derived cells and transferring differentiated macrophages 
into a new tissue microenvironment. Collectively, our results indi- 
cate that, aside from ontogeny, the environment plays a critical 
role in shaping the unique identity and function of tissue-resident 
macrophages through the regulation of TFs. 



RESULTS 

Genome-wide Assays to Identify Reguiatory Eiements 
in Macrophages 

To elucidate the transcriptional and epigenomic networks in 
tissue-resident macrophages, we performed an array of com- 
plementary genome-wide assays on at least two biological 
replicates followed by high-throughput sequencing: RNA-seq, 
chromatin immunoprecipitation (ChIP-seq), and an assay for 
transposase-accessible chromatin (ATAC-seq) (Figure 1A). We 
purified macrophages, monocytes, and neutrophils from fresh 
mouse tissues using fluorescence-activated cell sorting (FACS) 
(Experimental Procedures). Global gene expression profiles of 
purified cells were obtained by RNA-seq, and cells intended 
for ChIP-seq were crosslinked upon single-cell suspension, prior 
to sorting, to minimize the impact on chromatin state. Cross- 
linked samples of each population were used for profiling his- 
tone modifications, such as H3K4me1 (candidate enhancers), 
H3K4me2 (promoters and enhancers), H3K4me3 (promoters), 
and H3K27ac (active enhancers). Finally, we identified open 
chromatin regions through ATAC-seq (Buenrostro et al., 2013; 
Lara-Astiaso et al., 2014). 

Tissue-Resident Macrophages Can Be Distinguished 
by Their Gene Expression Patterns 

To probe the spectrum of gene expression profiles among tis- 
sue-resident macrophages, we examined seven macrophage 
populations (brain microglia, spleen red pulp macrophages, 
liver Kupffer cells, lung macrophages, peritoneal cavity mac- 
rophages, and colonic large and ileal small intestinal macro- 
phages), as well as monocytes. We identified 3,348 genes 
that were differentially expressed between at least two tis- 
sue-resident macrophages or monocytes (Figure IB and Ta- 
ble SI). Many genes coding for TFs were uniquely expressed 
in specific macrophage populations, including SalU in micro- 
glia and Spi-c in red pulp macrophages (Figures IB and 1C). 
Other population-specific genes included Clec4f in Kupffer 
cells (Yang et al., 2013), Car4 in lung macrophages, and 
Tgfb2 in peritoneal macrophages (Figure 1C). Differentially ex- 
pressed genes clustered into 1 1 groups by their expression 
patterns across samples (Figure IB). Interestingly, macro- 
phages that are presumably exposed to similar environmental 
cues displayed similar patterns of expression (Figures 1 B, 
SIB, and SIC available online). Kupffer cells and splenic 
macrophages shared a cluster of highly expressed genes 
that are enriched for gene ontology (GO) annotations, such 
as heme and porphyrin metabolic processes, indicating their 
active role in erythrocyte turnover (Figures IB and SI A, clus- 
ter III) (Chow et al., 2013). Similarly, small and large intestinal 
macrophages both express genes enriched for GO annota- 
tions that likely reflect their microbiota-exposed environment, 
such as response to bacterium and antigen processing 
(Figures IB and SI A, cluster VII). RNA-seq analysis identi- 
fied many genes expressed differentially by tissue-resident 
macrophage populations and monocytes and thereby corrob- 
orates and extends earlier expression profiling studies high- 
lighting the inherent plasticity of this immune cell type (Gaut- 
ier et al., 2012b). 
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Figure 1 . Tissue-Resident Macrophages Can 
Be Distinguished by Expression Patterns 

(A) Schematic for defining the giobai reguiatory 
eiements of tissue-resident macrophages, mono- 
cytes, and neutrophiis isolated by the gating strat- 
egy (Data S1) and analyzed by sequencing data 
from high-throughput RNA-seq, ChIP-seq, and 
ATAC-seq. A representative genome browser 
output is shown. 

(B) K-means clustering (K = 11 ) of 3,348 differentially 
expressed genes in macrophages (M4») and 
monocytes. 

(C) Bar graphs of individual gene expression in 
arbitrary units (a.u.). Error bars indicate SEM. 

See also Figure SI, Table SI, and Experimental 
Procedures. 
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Unique Regulatory Elements Distinguish Myeloid Cells 

Profiling genome-wide histone modifications can shed light on 
the current regulatory state of a cell type. We focused on the dis- 
tributions of H3K4me3, H3K4me1 , and H3K27ac because, taken 
together, these marks classify three important functional ele- 
ments: promoters, poised enhancers, and active enhancers. 
To better understand the mechanisms underlying macrophage 
plasticity, we compared the histone modification signal of circu- 
lating myeloid cells, specifically monocytes and neutrophils, to 
an average macrophage signature obtained by computationally 
merging all macrophage populations (Figure 2A). The promoter 
of Mertk is active in macrophages, but not monocytes or neutro- 



phils as visualized by the “merged” 
macrophage H3K4me3 signal (Figure 2A). 
However, the majority of active pro- 
moters— regions with high H3K4me3 in- 

tensity— were shared by all myeloid cells 

(8,861 of 10,806 promoters, 82%; Figures 
^ ^ ^ ^ ^ 2B and S2B and Table S2A). On the other 

I ^P'^ hand, of the total 30,976 putative en- 
hancers, defined as regions distal to the 
^ — . — ■ — ■ — - transcriptional start site (TSS) with high 

I Car 4 H3K4me1 and low H3K4me3, only 8,260 
(27%) were shared by macrophages, mo- 
nocytes, and neutrophils. Indeed, both 
the loci of Emr1 (F4/80) and Mertk feature 
intragenic enhancers unique to macro- 
phages (Figures 2A and S2E). Active en- 
CD74 hancers marked with H3K27ac were even 
less likely to be shared between all three 
myeloid cell types (10%: Figure S2A). For 
instance, the gene locus harboring the 
complement system genes (C1qa) con- 
tains a macrophage-specific H3K27ac-en- 
riched region (Figures 2A and S2E). Ma- 
crophage-specific enhancers were less 
_ conserved than other myeloid enhancers, 
suggesting that they are a late-acquired 
evolutionary function (Figure S2D). In- 
terestingly, of the 12,743 (7,825 active) 
macrophage-specific enhancers, rela- 
tively few (< 2%) are shared across all macrophage populations 
(Figure S2C). Because enhancer usage is highly differential 
across cell types when compared to promoters, the enhancer 
landscapes likely form the basis for macrophage specificity 
and plasticity. 

To identify candidate regulators responsible for the distinct 
enhancer landscape of macrophages, monocytes, and neu- 
trophils, we assessed these regions for enriched motifs and 
matched them to differentially expressed TFs (Table S2B). The 
TF-binding motif of PU.1 was common in all enhancer regions 
and was overrepresented in H3K4me1 -marked regions shared 
by all (p = 1 0“®) myeloid cell types (Figure 2C). Cell-type-specific 
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Figure 2. Comparing the Chromatin Land- 
scape of Myeloid Cells Reveals Macro- 
phage-Specific Enhancers 

(A) Normalized profiles of H3K4me3, H3K4me1, 
and H3K27ac signal in 100 kilobase pair (kb) re- 
gions for monocytes, neutrophils, and “merged” 
macrophage signature of seven tissue-resident 
populations. 

(B) Venn diagrams of the overlap of promoters 
(10,806; left) and enhancers (30,976; right) among 
macrophages, monocytes, and neutrophils. 

(C) Representative motif of PU.1 enriched in 
H3K4me1 -marked regions shared by all myeloid 
cell types (p = 10“®) and percentage of regions 
with the motif in each cell type. 

(D) Representative motifs of the indicated TF 
families found enriched in cell-type-specific 
H3K4me1 -marked regions (p < 10“®). Gene 
expression (a.u.) of the implicated family member. 
Error bars indicate SEM. 

See also Figure S2 and Table S2. 
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enhancers, on the other hand, tend to be bound by specific sets 
of TFs that regulate their chromatin states (Ghisletti et al., 2010; 
Heinz et al., 2010; Lara-Astiaso et al., 2014; Winter and Amit, 
2014). Macrophage-specific enhancer regions exhibited signifi- 
cant overrepresentation of the Maf motif (p = 10“^^), in addition 
to high and specific expression ofMafb and Maf (Figures 2D and 
S2F), TFs known for their role in driving terminal macrophage dif- 
ferentiation (Aziz et al., 2009). Consistent with previous reports of 
Klf4 as a monocyte regulator (Feinberg et al., 2007), enhancer 
regions unique to monocytes were enriched for the Klf motif 
(p = 1 0“®), and Klf4 was highly expressed in monocytes (Figures 
2D and S2G). Finally, the Cebp motif was highly overrepresented 
in neutrophil-specific enhancers (p = 10“®°; Figure 2D). Of the 
Cebp family members implicated in myeloid cell differentiation, 
Cebpe is specifically required for neutrophil development 
(Yamanaka et al., 1997), and Cebpe is highly expressed in neu- 
trophils (Figures 2D and S2H). Collectively, macrophages, 
monocytes, and neutrophils display highly distinct chromatin 



landscapes, despite their common line- 
age, indicating that the epigenome con- 
tributes significantly to cell-type speci- 
ficity among myeloid cells. 

Tissue-Resident Macrophages 
Exhibit Distinct Enhancer 
Landscapes that Reflect Ontogeny 
and Microenvironment 

Because of the high divergence in tissue- 
resident macrophage expression and 
function, we next analyzed the chromatin 
landscape within the macrophage cell 
type. To determine the spectrum of en- 
hancer usage across macrophage popu- 
lations, we compared the chromatin 
profile of the 30,976 defined myeloid en- 
hancers. We established that the vast 
majority of macrophage enhancers are 
unique to a small subset of populations (Figures 3 and 4). 
When we calculated the pairwise correlations of H3K4me1 
read density between all samples, we found that the macro- 
phage populations were more similar to each other than to neu- 
trophils. However, the H3K4me1 -marked enhancers in different 
macrophage populations display a high level of variation, espe- 
cially when compared with H3K4me3 promoter signal (Fig- 
ure 4A). The reproducibility and tissue specificity of macrophage 
enhancers were verified by biological replicates (mean r = 0.885). 
Moreover, another mark of enhancer usage, H3K4me2, uniquely 
predicted H3K4me1 -marked regions within a sample with high 
accuracy (Figure S3D). This variation is representative of the 
distinct set of enhancers utilized by individual macrophage pop- 
ulations (Figures 4A and 4B). 

Indeed, when the catalog of enhancers was clustered by 
H3K4me1 intensity across the populations, nearly all tissue-resi- 
dent macrophages demonstrated uniquely utilized enhancers 
(Figure 4B, clusters l-lll, V, VIII, and X). For instance, the 
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Figure 3. Tissue-Resident Macrophage 
Populations Have Unique Poised and Active 
Enhancers 

(A) Normalized profiles of H3K4me1 signal for 
seven tissue-resident macrophage populations in 
100 kb regions containing tissue-specific en- 
hancers around the indicated genes. 

(B) Normalized profiles of H3K27ac (right) signal in 
H3K4me1 -marked (left) 100 kb regions containing 
the indicated genes. 

(C) Bar graphs of expression (a.u.) for genes in loci 
of (B). Error bars indicate SEM. 

See also Figure S4. 
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intergenic region of SalU exhibited a microglia-specific region 
enriched for H3K4me1 (cluster I; Figure 3A). Enhancers unique 
to lung macrophages were enriched for genes involved in meta- 
bolism of lipids and lipoproteins, indicating the role of these cells 
in surfactant lipoprotein metabolism (Hussell and Bell, 2014) (Ta- 
ble S3, cluster VIII). Moreover, an H3K4me1 -marked region 
exclusive to peritoneal macrophages was detected within the 
Gata6 gene locus (cluster X; Figure 3A). The highly similar small 
and large intestinal macrophages shared enhancers utilized in no 
other populations, including the regions adjacent to Runx3 (clus- 
ter XI; Figure 3A). In confirmation, these clusters were repro- 
duced by H3K4me2 intensity in the same regions, which was 
highly correlated with H3K4me1 across all analyzed macro- 
phage populations (Figures S3A and S3B). In general, unique 
macrophage clusters are associated with tissue-specific genes 
and related functions (Table S3), indicating a potential role for 
the microenvironment in shaping chromatin dynamics. 

Hierarchical clustering based on H3K4me1 -marked or 
H3K4me2-marked enhancers positioned the monocytes next 
to the junction of small and large intestinal macrophages (Figures 
4C and S3C). This suggests that ontogenic relationships influ- 
ence chromatin dynamics because intestinal macrophages, as 



opposed to the other tissue-resident 
macrophages analyzed, are mostly 
monocyte derived (Bain et al., 2014; Bo- 
gunovic et al., 2009; Varol et al., 2009). 
Accordingly, many more monocyte en- 
hancers remain open in intestinal macro- 
phages (85% and 87%) compared to 
other tissue-resident macrophages (chi- 
square p < 10 
embryo-derived 

many enhancers that are not present in in- 
testinal macrophages or monocytes, 
including enhancers close to Rxra and 
Marco (Figure 4B, cluster XVII). 

Analysis of the enhancer landscape 
also exposes relationships among tis- 
sue-resident macrophages that are unre- 
lated to ontogeny. For instance, Kupffer 
cells and spleen macrophages cluster 
together as a result of the many en- 
hancers they share (cluster IV, Figure 4C), 
likely reflecting the impact of their similar 
environments characterized by prominent erythrocyte exposure. 
In addition, microglia and lung macrophages are most distant 
from other macrophages in the hierarchical tree and are 
excluded from an enhancer cluster shared by all other popula- 
tions (cluster XV, Figure 4C). 

Collectively, the distinct enhancer usage of different tissue- 
resident macrophages highlights how chromatin state dynamics 
allow for plasticity within a given cell type. Although some patterns 
reflect development, the level of variability between macrophage 
populations extends beyond this dimension. Thus, ontogeny, to- 
gether with local microenvironment, likely contributes to shaping 
the enhancer landscape of tissue-resident macrophages. 

Poised Enhancers Reflect Both Developmental Origin 
and Tissue Specificity 

H3K4me1 -marked enhancers are considered either active or 
poised, as demarcated by the presence or absence of the 
H3K27ac mark (Creyghton et al., 2010). To further explore 
enhancer activity, we analyzed the distribution of H3K27ac in 
H3K4me1 -marked enhancers (Figure S4). For example, the 
enhancer regions in the Itgax locus encoding the integrin 
GDI 1c are marked with H3K4me1 in all macrophages, although 
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Figure 4. Tissue-Resident Macrophages Have Distinct Sets of Enhancers Determined by Ontogeny and Microenvironment 

(A) Pairwise correlations between replicates with respect to H3K4me3 read density in promoters (left) and H3K4me1 read density in enhancers (right). 

(B) K-means clustering (K = 20) of the H3K4me1 intensity in 30,976 high-confidence enhancer regions. The proportion of enhancers active (H3K27ac high) in at 
least one sample in each cluster is shown in red (right bar). 

(C) Hierarchical tree resulting from clustering on H3K4me1 intensity in enhancer regions. 

(D) Percentage of H3K4me1 -marked regions in monocytes shared with each tissue-resident macrophage. 

(E) Line plots showing that enhancer activity level (mean H3K27ac intensity) increases with the number of samples that share the H3K4me1 -marked regions. 
See also Figures S3 and S4 and Table S3. 
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expression of Itgax is restricted to lung and intestinal macro- 
phages. This is reflected in the H3K27ac signal denoting 
transcriptional activity in only these macrophage populations 
(Figures 3B and 3C). Likewise, Cx3cr1 , a gene encoding a che- 
mokine receptor, exhibits a H3K4me1 -marked region shared 
by all macrophages but is activated only in intestinal macro- 
phages and microglia (Figures 3B and 3C). On the other hand, 
the region surrounding the Vcam1 gene, along with the previously 
described loci (Figure S4A), exhibits tissue-specific macrophage 
enhancers with FI3K4me1 signal in proportion to its FI3K27ac ac- 
tivity and expression (Figures 3B and 3C). Thus, analysis of both 
FI3K4me1 and FI3K27ac in enhancers allows us to describe the 
current activity, developmental origin, and potential of these cells 
to activate various gene sets under external stimuli. 

We determine enhancer activity based on the level of FI3K27ac 
intensity in FI3K4me1 -marked candidate enhancers and classify 
poised enhancers as those that have low FI3K27ac in all popula- 
tions (Experimental Procedures). On a global scale, FI3K27ac in- 
tensity correlates with FI3K4me1 in enhancers and exhibits 
similar relationships between populations (Figures S4B-S4E). 
Flowever, individual enhancers vary in the relationship between 
the two marks as evidenced by differing proportions of active 
and poised enhancers in the FI3K4me1 clusters (Figure 4B, right 
bar). Dissecting this pattern further, we find that enhancers 
shared by multiple macrophage populations have a higher level 
of activity than those that are shared by few or none (Figure 4E). 
For instance, enhancers that were present in all but one of the 
populations were significantly more likely to be active in Kupffer 
cells than those enhancers shared with only one other population 
(kstest p = 9.35 x 10“^^; Figure 4E). This trend held true for all 
samples except neutrophils (Figure S4F). Therefore, plasticity 
of tissue-resident macrophages may arise from selective activa- 
tion of developmentally derived enhancers or de novo enhancers 
triggered by the local microenvironment. 

Tissue Regulators Define Distinct Sets of Macrophage 
Enhancers 

We hypothesized that the distinct enhancer landscape in tissue- 
resident macrophages is the result of the combinatorial action of 
tissue regulators. Assuming that the expression of TFs should 
match the utilization of the enhancers that they regulate, we 
established a computational pipeline to identify candidate regu- 
lators for each enhancer cluster (Figure 5A). Because FI3K4me1 - 
marked enhancers may span several kilobases, but TF motifs 
usually occupy no more than a dozen bases, we generated 
ATAC-seq peaks corresponding to the same tissue-resident 
macrophages to narrow our search regions to the likely site of 



TF binding (Buenrostro et al., 2013; Lara-Astiaso et al., 2014). 
Marking open chromatin, ATAC-seq intensity is highly correlated 
with FI3K4me1 intensity in enhancers, and the vast majority of 
putative enhancer regions contain at least one ATAC-seq peak 
(Figures 5B, S5C, and S5D). For each cluster, we overlapped 
the enhancer coordinates with the ATAC-seq peak and lifted 
the DNA sequence from these regions to search for significantly 
enriched, cluster-specific motifs. Finally, to determine the most 
likely regulator from the TF family that matched the motif, we 
compared the gene expression profile of all family members to 
the enhancer signature. In this manner, we identified candidate 
regulators for many of the clusters shown in Figure 4B (Figures 
5C-5E, S5E, and S5F and Table S4). 

For example, we found that the GATA motif was overrepre- 
sented in the cluster of enhancers specific to peritoneal macro- 
phages (cluster X). Among the GATA TF family members, GataG 
was the most highly and differentially expressed in peritoneal 
macrophages (Figures 5C-5E). Therefore, Gata6 is a likely 
regulator of peritoneal-specific macrophage enhancers, as sup- 
ported by recently published results (Gautier et al., 2014; Okabe 
and Medzhitov, 2014; Rosas et al., 2014). Indeed, GATA motifs 
appear within enhancers associated with genes expressed 
exclusively in peritoneal macrophages, such as Tgfb2 (Figures 
1A and 5C). Likewise, MEF2 binding motifs were overrepre- 
sented in microglia-specific enhancer clusters and appeared at 
enhancers of microglia-specific genes such as Fcrls (Figures 
5C, 5D, and 4B, clusters I and II). Mef2c was implicated as the 
mostly highly and differentially expressed MEF2 family member 
in microglia (Figures 5C-5E and Table S4). Other candidate 
TFs include Lxra in Kupffer cells and spleen macrophages 
(clusters III and V) and Pparg in spleen and lung macrophages 
(clusters V and VI). Intestinal macrophages, along with mono- 
cytes and neutrophils, are enriched for RUNX family motifs, 
with Runx3 highly expressed in intestinal macrophages (clusters 
XI-XIV) (Figures 5D and 5E and Table S4). 

Our data suggest that the distinct enhancer landscapes of tis- 
sue-resident macrophages result from the restricted expression 
and binding of TFs. The orchestration of chromatin modifications 
is regulated by crosstalk between the environment and ontogeny 
through a small number of TFs (Heinz etal., 2010). Hence, macro- 
phage identity is shaped by tissue-restricted TFs in conjunction 
with those ubiquitously present in macrophages, such as PU.1. 

Macrophage Enhancer Landscapes Are Imparted by the 
Microenvironment 

To assess the contribution of environmental signals as opposed 
to developmental processes, we assessed the chromatin state 



Figure 5. Identification of Candidate Regulators in Tissue-Resident Macrophage Enhancers Using ATAC-Seq 

(A) Schematic of pipeline to identify candidate regulators of enhancers. For each cluster, enhancers are matched to ATAC-seq peaks, genomic sequence is lifted 
for input into the motif finder, and the enriched motif is matched to the TF family member with corresponding expression. 

(B) Pairwise correlations between H3K4me1 and ATAC-seq intensity in enhancer regions. 

(C) Normalized profiles of H3K4me1 signal in 100 kb regions with ATAC-seq peaks overlaid in black, containing tissue-specific enhancers around the indicated 
genes. Shaded regions indicate location of the relevant motif. Bar graphs of gene expression (a.u.) for TF family members of Mef2 in microglia and Gata in 
peritoneal macrophages. Error bars indicate SEM. 

(D) Heatmap of significantly enriched motifs (p < 10“^) in H3K4me1 -marked regions from each cluster in Figure 4B (see Table S4). 

(E) Bar graphs show gene expression (a.u.) for candidate TFs that match motifs in (D). Error bars indicate SEM. 

See also Figure S5 and Table S4. 
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Figure 6. Microenvironment Signals Shape the Enhancer Landscape of Adult Bone-Marrow-Derived Macrophages 

(A) Schematic of bone marrow transplant experiment. 

(B) Normalized profiles of H3K4me1 signal of reference macrophages and transplant-derived macrophages both showing tissue-specific enhancers around Car4 
and GataS in 100 kb regions. 



(legend continued on next page) 
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